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Section 1
INTRODUCTION

|

{I‘he principal objective of the Closed Loop Fire Control System (CLFCS) program is to assess
the feasibility of incorporating first burst strikepoint observations into the fire control solu-
tion for improved second burst effl%ct;gveness. Fundamentally, the problem is to deduce from
a strikepoint observation 3t'tixn}e tg\t!}e l‘)i'%S cpmponents of the fire control error which
existed at the instant of firing, tl‘ where t2 - t, is an interval slightly greater than the pro-

1
jectile time of flight.

Among the specific sources of fire control bias error which the CLFCS concept seeks to

reduce or eliminate are:

, (e
¢ - Range estimation error,

[ J »-Vke(l?)city estimation error, including wind and target velocity y LN

e -~ Gun boresight error.
L
In general, the CLFCS is capable of removing any error component whose correlation time is
long in comparison with the bullet time of flight. ~

e

~

’i‘he system which has been designed incorporates Kalman aircraft and target state estimators.
These provide the basis for an optimized open loop firing solution and the accurate estimation
of the true target sightline existing at the instant of strikepoint observation. This latter capa-
bility involves the\interpolation between target sightings prior to and after the strikepoint
sighting by means of the target state estimator transition process. The closed loop fire cci-
trol function is thereby dependent upon the accurate linear and angular velocity outputs of the
aircraft state estimator.\

Should the tactical situation preclude the expenditure of the time required for a strikepoint
error observation, the open loop fire control solution affords an improved effectiveness in
comparison with existing AH-1 gunnery systems. This is mainly due to the superior mea-

surement and estimation of aircraft velocity.
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Section 2
FORMULATION OF THE CLOSED LOOP FIRE CONTROL SYSTEM

2.1 OVERVIEW

In agreement with the approach presented in the Technical Proposal (Reference 1), the system
formulation consists of the following four segments:

| Aircraft state estimator
» Target state estimator
[ | Open loop fire control computations

= Closed loop fire control computations
The relationship among these is illustrated by Figure 2-1.
This section is organized into subsections which summarize the characteristics of the aircraft
and target state estimators, review certain tactical considerations which provide a basis for

CLFCS design, convey the details of the design and performance of the estimators, and set
forth the details of the open and closed loop fire control computations.

2.2 SUMMARY OF KALMAN ESTIMATOR CHARACTERISTICS

2.2.1 AIRCRAFT STATE ESTIMATOR

Table 2-1 lists the prominent design features of the aircraft state estimator, and Table 2-2
gives an overall indication of its performance.

The output of the aircraft state estimator consists of 12 state variables describing the angular
velocity, linear acceleration, linear velocity, and vertical axis direction in vehicle coordinates.
It utilizes a constant gain matrix, which alleviates the computational burden on the CDC 469

processor in such a fashion that a full-up software capability exists immediately after power is
applied (or restored after an interruption) to the CLFCS.

2-1
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Table 2-2 conveys an appreciation for the overall performance of the aircraft state estimator.
Both the input sensor errors and the estimator output errors are exprssed in terms of the

resultant of the rras errors appearing in each of three axes of information. The error attenua-
tion column places in evidence the fact that the estimator affords a significant improvement (over
2 to 1) in the critical aircraft linear velocity variable. A comparison of the performance of

the aircraft state estimator with full Kalman gain computation with that of the fixed gain ver~
sion reveals that the simplification to fixed gains increases the output errors by only about

10%.
SENSORS
(MPACT | b
OBS. ;>
— e CLOSED-LOOP
r > FIRE CONTROL
s, f ALGORITHM
IMU ::')
v ! w v >
~ | AIRCRAFT
bATA || STATE
| ESTIMATOR AN
z | OPEN-LOOP ==
VERT > FIRE CONTROL
REF | I ALGORITHM
— Q‘{} v COMPUTED
| GUNLINE
= : ><§ >
)
CALIBRATED

PARTITIONED
KALMAN

SIGHT "—‘>' TARGET STATE
| ESTIMATOR
|
|
| ESTIMATOR

>

UNCALIBRATED

Figure 2-1. Closed Loop Fire Control Sofiware Organization
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TABLE 2-1
SURVEY OF AIRCRAFT STATE ESTIMATOR DESIGN

OUTPUT STATE VARIABLES

TYPE - Fixed gain Kalman, 12 output state variables, 12 input observations

Error Attenuation
Ratio _ . ___

* All errors are resultant rms over three axes.

2-3
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1/1.64 =-4.3 dB

1/1,64 = -4.3 dB

1/2,11 = -6.5 dB

1/2,87=-9.2dB

Y
(] Aircraft angular velocity
: ] Aircraft linear acceleration
- Aircraft linear velocity (inertially augmented airspeed)
[ ] Vertical axis direction in aircraft coordinates
i GAIN MATRIX
[ ] Total of 31 gains
; n Primary, diagonal gains - 12
: ] Off-diagonal gains - 19
TABLE 2-2
) SURVEY OF AIRCRAFT STATE ESTIMATOR PERFORMANCE
? State Information Sensors Sensor Errors  Qutput Errors*
t Aircraft Angular Rate Integrating  1.22 mrad/sec 0,746 mrad/sec
Velocity Gyroscopes
3
Aircraft Linear Linear 0.416 ft/sec2 0,254 ft/sec2
Acceleration Accelerometers
" s Aircraft Linear Air Data 31.9 ft/sec 15.1 ft/sec
« Velocity System
) &J Vertical Axis Pitch/Roll Gyro  33.9 mrad 11. 8 mrad
Direction
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f 2.2.2 TARGET STATE ESTIMATOR
; § |
Bs Tables 2-3 and 2-4 summarize the design features and performance of the target state estima-

‘ ; tor.

The target state estimator utilizes the full Kalman gain update algorithm, but operated at a

*! rate of 6 updates per second in comparsion with the main frame rate of 30 per second. This ‘

| allows the significant burden of the gain computations to be dispersed over 5 fraimes, thereby

y s .

3 reducing the total amount of computation to be executed each frame. The sacrifice in per-
5 formance is shown to be insignificant,

', In the case of the target state estimator, the principal advantage of on-line Kalman gain compu-

tation is that it automatically accommodates the wide variations in target/aircraft geometries i
§

r
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TABLE 2-3
SURVEY OF TARGET STATE ESTIMATOR DESIGN

TYPE - Kalman with on-line gain computation, 4 output states, 6 auxiliary states, 3 input

observations

OUTPUT STATE VARIABLES

» Estimated target line-of-sight direction cosines relative to aircraft coordinate

frame,

o ~«k1,‘3"l""‘f?~v%’,‘ LSBT

o
g

n Range, based upon updating an initial pilot estimate by kinematic processes

within the estimator,

GAIN MATRIX

] 10 rows, 3 columns - 30 ele:nents,

- Execution of gain update algorithms distributed over 5 main frame iterations -

i.e., 6 gain updates/sec.
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TABLE 2-4

SURVEY OF PERFORMANCE OF TARGET STATE ESTIMATOR
Error Attenualion

State Information Sensors Sensor Errors  Output Errors Ratio

Los Direction Pantographic 9,80 mrad* 3. 82 mrad* 1/2.56 = -8.2 dB
Cosines Sight

Range None 500 ft** 410 ft 1/1.22 = -1,7dB

*  Los errors are resultant rms over three axes.

**x  Assumed error in initial estimate.

which are found to require significant adjustment in the gain values. The development of em-
pirical adjustment rules for a set of fixed gains was found to be difficult and of questionable

validity over the full operation envelope.

The target state estimator has 4 primary state variables describing the target line-of-sight
(LOS) direction and range relative to a vehicle coordinate frame. The only observations are
the LOS direction cosines so that the updating of range from an initial handset value is based
upon kinematic proces ses within the target state estimator combined with the estimate of
velocity furnished by the aircraft state estimator

Auxiliary state variables describe the error in the velocity output of the aircraft state estimator
as a measure of the relative velocity of the aircraft with respect to a possibly moving target,
and also the lowband errors in the pantographic sight direction cosines, which result largely

from gunner tracking error.

Table 2-4 shows that the target state estimator is quite successful in attenuating the tracking
error introduced by the gunner. The error attenuation ratio is about 2.5 to 1, in fact. This
reflects directly into an improvement in gunnery effectiveness in comparison with existing AH-1
fire control systems, including the 'J'" version, which do not incorporate a target state estima-

tor, but rather use the sight outputs in their unfiltered form,

2-5
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2.3 OPERATIONAL CONSIDERATIONS

a2 & o < A % sl

The designs of both the aircraft and target state estimators are based upon certain agsump-
tions regarding the magnitudes of the linear and angular motions of the AH-1 aircraft during

CLFCS deployment, Moreover, there are certain operational constraints which should be
placed in evidence.

2.3.1 CLFCS DEPLOYMENT CONSTRAINTS

2,3.1.1 Nap-of-the-Earth Flight Environment

The evolution of armed helicopter tactics has progressed toward increased emphasis of the
nap-of-the-earth (NOE) flight regime characterized by:

] 3to5ft ground clearance

[ Relatively low speed, below 60 knots in most cases

C ot ;E ATy M e

Y AR YT DT e et o AR S

Minimum exyosure above foliation and terrain masks.

For strict adherence to the NOE flying doctrine, an obvious, but not necessarily appropriate,
CLFCS deployment sequence would be as follows:

a NOE navigation to a selected attack point.

-

a Pop-up to an altitude barely sufficient to acquire the target LOS and at a range of
about 5000 ft (1524 m). e
] Fire a short, precisely aimed initial burst, observe the strikepoint and incorporate ,‘
into the fire control solution, :
é’
u Fire one or more calibrated bursts, s
n Assess target damage. :
) 3
] Return to terrain/foliation mask and depart target area. 4
.

2.3.1,2 Exposure Time

.
-
ce

Table 2-5 imparts some appreciation for the probable timing of the above listed engagement
events. The long exposure time to enemy air defenses is obvious. A reduction in range to
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TABLE 2-5
TIMING OF ENGAGEMENT EVENTS - POP-UP/STANDOFF ATTACK
TARGET RANGE = 5000 FT = 1524 M

0 Pop-up from terrain/foliation mask

(31

Gunner handsets range estimate, acquires precise target track,
depresses trigger for initial, short firing burst
(time-of-flight = 3 sec).

6 Trigger released,
8 First round impacts target area. Gunner breaks target track
and begins to acquire burst controid,
9 Last round impacts,
10

Gunner completes burst centroid acquisition and keys CLFCS

computer for incorporation of strikepoint error into fire con-
trol solution,

12 Gunner reacquires target, depresses trigger for calibrated
firing burst,

14 Trigger released.

15 First round impacts,

17 Last round impacts. Gunner assesses damage.

20

Aircraft returns to terrain/foliation mask and departs target
area,

4000 ft (1219 m) reduces the time-of-flight to about 2 sec, and hence the overall duration of

the engagement to 18 sec. However, the vulnerability to enemy air defense systems is

increased. Increasing the range to 6000 ft (1829 m) increases the time-of-flight to about 4
sec and the duration of the engagement to 22 sec. This degrades the effectiveness of the

M-56 20 mm round and does not significantly alter the vulnerability of the aircraft.
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It might be propcsed that the aircraft return to mask between the two firing bursts, but this
would often prevent the gunner from accurately observing the bullet strikepoints. due, for

example, to the merging or movement of the dust, smoke, or debris. Also, if the target area

is well foliated or marshy, the gunner must actually perceive the impacts as they occur since
there is no persistent indication of their location. Accordingly, we feel that there is no alter-
native to the aircraft remaining exposed during the entire engagement episode.

2.3.1.3 The Observation of the Elevation Strikepoint Error Component

A second problem to be recognized is the difficulty of observing the elevation component of the

strikepoint error from very low altitudes with respect to the target. Assuming as a case

typical of the NOE flight environment that the aircraft and target are at the same altitude, the
M-56 20 mm projectile angle of fall at 5000 ft range is about 4.40. This means that a 500 ft
range error, considered typical for the initial handset estimate, would produce a 39 ft strike-
point error in elevation - sufficient to cause the projectile to entirely miss the target, falling
short or long by the amount of the range error, assuming an otherwise perfect fire control

solution, But, if the aircraft and target are co-altitude, this very substantial strikepoint error
would not be observable unless the target were located on a hillside,

In general, there appear to be two alternative solutions to this problem:

] Measure range with a laser and thereby reduce the range uncertainty to 50 ft

or less, and the resulting elevation strikepoint error to 4 ft or less,

Operate at a significant altitude above the target - about 10% of slant range is
found to be an appropriate altitude advantage.

In that the prototype CLFCS does not include a rangefinder, it is recommended that the second

approach be incorporated into the flight test plan. This will permit the elevation component

of the strikepoint error to be observed and the appropriate compensation for it to be incorporated

into the calibrated burst fire control solution. However, it is also recommended that future

versions of the CLFCS include a laser rangefinder so as to facilitate operation in the NOE
environment.

2.3.1,4 Limited Train Capability of the Pantographic Sight

Use of the pantographic sight at train angles above 50° from the aircraft's longitudinal refer-

ence axis becomes difficult and uncomfortable. An upper limit to the sight train angle is
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“ understood to be 80° (not to be confused with the mechanical limit of 1109). This limitation
restricts the aircraft maneuvers which may be executed during a target engagement.
2.3.1.5 Summary of Target Engagement Assumptions
S The key target engagement assumptions, which bear upon the design of the prototype CLFCS
j 3 and its deployment in future flight tests, are now summarized.
A N
\ Although the pop-up stancioff engagement described in Section 2.3.1.1 and Table 2-5 adheres to
i ) the NOF flying doctrine, the 20 sec exposure time in hovering flight and within the effective
?;? range of a potential enemy air defense threat appears to unnecessarily compromise aircraft
‘ survivability. Therefore. the CLFCS has been designed to accommodate reasonable linear and
angular motions of the aircraft during the target engagement, subject, of course, to the train
3 i limitation of the pantographic sight. Although the flight test of the CLFCS should include 1
; hovering attacks, offset straight-line and veer-off attacks may also be utilized.
| | |
; Tables 2-6 and 2-7 summarize the considerations of aircraft altitude above the target for ~:
f”z . elevation strikepoint observability and of the sight train limitation. The aircraft and target ]
i ' state estimators have been designed and simulated for offset straight-line and veer-off courses
i ; in which the altitude of the aircraft above the target is 500 ft or more and the maximum :
5 resultant angle between tihe LOS and the aircraft's longitudinal reference axis is about 850; i
Zfr { this angle includes both the elevation and train components. f
L
fj_ 3 2.3.2 AIRCRAFT PERFORMANCE ASSUMPTIONS
f Table 2-8 summarizes the assumptions made relative to the aircraft linear and angular motions
;f: which could occur during an attack episode. These are based upon the premise that the tactical {‘
g ‘ use of the CLFCS could involve the maintenance of a substantial aircraft velocity to counteract
% % the prolonged exposure tc a potential air defense threat,
5
r( ! Although the simulated target engagements used in the process of designing the aircraft and tar- ‘
% ! .' get state estimators are 1l::sed upon the assumptions listed in Table 2-8, this in nowise pre- 1
; cludes the use of hover attacks as part of the prototype CLFCS flight test.
:
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TABLE 2-6

ALTITUDE ADVANTAGE OF AIRCRAFT RELATIVE TO TARGET

] The altitude of the aircraft above the target = H
] The slant range = R
n To render the elevation component of bullet impact error observable,

(H/R) >0.10

JUSTIFICATION

] AE = Elevation impact error - Angular miss

n AR = Raage impact error - Linear miss
~(_AR ~[__AR H
= aBNpiiR) BT aR) (R)

H

] With(ﬁ"%}):(ﬁ) = 0.1, AE = 0.010 rad, which is marginally observable

TABLE 2-17
SIGHT TRAIN LIMITATION

SPECIFICATION OF THE LIMITATION

n The train angle between the longitudinal reference axis of the
aircraft and the target LOS should not exceed 80° during CLFCS
deployment,

IMPLICATION - Restricted Target Engagement Options

a Pop-up/stand-off at 5-6 kit - High vulnerability to AA attack

u Veer -off engagement with long range/low angle-off target
acquisition - Fire control problem for AA made more difficult,
aircraft/target separation increased at end of engagement -
veer-off must be delayed and must be very mild to accommodate

sight limit,

2-10
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TABLE 2-8
AIRCRAFT PERFORMANCE ASSUMPTIONS

APPLICABILITY - Approach to attack point, attack,and escape from
target area.

AIRCRAFT STATE VARIABLES

: - Nominal Aircraft Velocity = 200 ft/sec = 118, 5 knots

4 ] Maximum Aircraft Velocity = 250 ft/sec = 148.1 knots

’ >
m  Nominal Aircraft Attiitude: Roll=0°

Pitch'= -6° 5‘
Av ; ®  Maximum Load Factor = 2 g's

®  Maximum Angular Velocities: Roll = 40 deg/sec

ﬁ / " Pitch = 10 deg/sec

e , Yaw = 15 deg/sec .
e

g':

}: 2.3.3 DESCRIPTION OF TARGET ENGAGEMENTS . :
&9 ~ '
4 s H
T ;
5 The straight-line and veer-off engagements selected for use in the design and analysis of the .
}‘}‘ } .
aircraft and target state estimators are described in Table 2-9 and illustrated in Figure 2-2, .
?-' ‘, The particular manner in which these were used is discussed in detail in Section 2. 4. e .
- As indicated in Table 2-9, the build-up and decay of aircraft acceleration in the veer-off attack i
4 is not abrupt. Rather, it follows an exponential function which is illustrated Figure 2-3. This |
;L is believed to simulate the procedure the pilot would use to implement a direction change. )

A plausible CLFCS deployment episode is portrayed in Table 2-10, which lists the time,
range, and total LOS angle (essentially the resultant of elevation and train) for each of the key

engagement events. Time is caleylated from the initiation of the engagement, as shown in
Figure 2-2.

~a
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TABLE 2-9

DESCRIPTION OF ENGAGEMENTS ASSUMED FOR
KALMAN ESTIMATOR DESIGN AND SIMULATION

STRAIGHT-LINE COURSE - Used for design

[ Initial target range\= 10 kft
[ ] Initial target angle = 10°
- Constant velocity = 200 ft/sec

- Constant altitude = 500 ft

VEER-OFF COURSE - Used for simulation

n Same initial conditions as straight-line course -
Velocity heading = -10°
] At 22,5 sec initiate climbing veer-off away from target with

exponential build-up of path curvature and longitudinal acceleration

n At 32,5 sec initiate roll-out into straight, climbing flight path with

exponential decay of acceleration

n Outgoing leg - velocity = 240 ft/sec, Heading = -51",
Climb angle = 21°

In Sections 2.5.3 and 2.6.5 a compressed version of the engagement episode described by
Table 2-10 iy utilized for verification of the open and c¢losed loop fire control algorithms. In
it the first firing burst occurs at 24 sec and the second, at 30 sec. These firing times are
selected so that both bursts occur during the period of significant aircraft angular velocity.

2-12
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TABLE 2-10
TIMING OF ENGAGEMENT EVENTS - VEER-OFF ATTACK

e Total
e . Time Range Los Angle Event
b (Sec) (Kft) __(Deg)

e e .

20 6.12 16.5 Trigger depressed for uncalibrated open-loop
firing burst, Time-of-flight = 4 sec.

21 5.93 17.0 Trigger released.

24 5.36 19.8 First round impacts.

AR ST FrVTTTY: orser—r—
O o AR e U AT
AEAR A aa

e e

25 5.18 23.4 Last round impacts.

s 1%

\_,u,
S

v
s

26 5.00 28.2 Gunner breaks target track,

28 4,66 39.1 Gunner acquires burst centroid.

30 4.38 51.2 Gunner reacquires target.

31 4,27 57.17 Trigger depressed for calibrated firing burst.
Time-of-flight = 2 sec.

B I L A g i Ao

33 4.11 71.3 Trigger released. First round impacts.

35 4,05 85.3 Last round impacts.

thrgrpey
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2.4 DESIGN OF THE PARTITIONED KALMAN ESTIMATOR FOR THE CLFCS

2.4.1 COORDINATE FRAMES

The three coordinate frames utilized in the mathematical formulation of the CLFCS are

illustrated in Figure 2-4. They are defined below.

2.4.1.1 Pseudo-Geographic Reference Coordinate Frame

AN
AT
A

The pseudo-geographic reference coordinate frame is defined as a matter of convenience for
the purpose of developing the basic dynamic relationships for the aircraft and target state

transition processes, Its axes are i
Horizontal azimuth reference axis (e.g., North) ‘

It

'?”“’v"‘-\. TR
PRI L R R R

Horizontal axis orthcgonal to x (e.g., West)

R

I R b
n

Vertical axis pointing upward (2 = x x y)
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, The effoct of gyro bias drift and earth rate are considered insignificant in the CLFCS, which '
means that x y 2 need not be defined as an absolute inertial reference frame. In the case of
an aireraft moving at 200 ft/sec, a two-earth rate angular velocity uncertainty (300, hr)
contributes a 0,39 ft, uncertainty in aircraft position after 20 seconds., As will be shown in :
the sequel, the aircraft state estimator incorporates terms which compensate for the rela-
\ tively large angular volocity uncertaintios resulting from gyro misalignment,
' 2.4.1.2 Vehicle Coordinate Framo
This is the principal coordinate frame in the CLFCS formulation. its axes are defined as
follows. |
" u = Longitudinal reference axis,
v = Lateral axis in the plane of the aircraft's deck, orthogonal to v, and ’
extending to the left,
w = Normal axis, mutually perpendicular to u and v, and extending upward. ;
All sensor information is furnished to the aireraft and target state estimators in the vehicle '
coordinate frame. In particular, the sensor elements of the CLFCS inertial measurement
unit (IMU) are aligned to u, v, and w. Indeed, the sensitive axes of the IMU represent the .
H
physical embodiment of the u v w axis set, :
2.4.1.3  Sightline Coordinate Frame % ,
?
; Although the pantographic sipht does not possess defintte gimbal axes, it is helpful in des- i
cribing the motion of the LOS to establish a sightline axis set, Let ]
: s = Unit vector along the LOS
o -
‘é‘,
i ¢ = The effective elevation gimbal axis of the LOS, orthogonal to s, lying in
‘E;; the u - v plane, and extending to the teft.
%; m = The effective traverse gimbal axis of the LOS; m = s x (,
' gj:: .
( 2.4.2 FUNDAMENTAL DYNAMIC RELATIONSHIPS
The transition processes for the atrceraft and target state estimators are based upon dynamic :
relationships which describe the most probable behavior of the aircraft and target. These are '
now developed for each of the principal elerments of state.
2-17
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2.4.2,1 Arceraft Angular Velocity

In the case of a fixed wing aircraft, a strong coupling exists between the angular and linear
motion states because the behavior of the aircraft is essentially coordinated - that is, changes
3 in the direction of the velocity vector are implomented by altering the magnitude and direction
of the lift vector, with lateral ncceleration maintained close to zero. This coupling can be

o

‘ exploited so as to improve the estimation of aircraft state, Although the behavior of a hell-

copter at a significant velocity (i.e., above 40 knots) is similar to that of a fixed wing aircraft, A

it seems inappropriate to assume coordination, since at lower velocitios the helicopter pilot

’”1 can implement sideward and backward translations without rotating the aircraft. Hence, for

' the sake of accommedating all possible {light conditions, the design of the alrceraft state esti-

mator ts based upon the proposition that the angular and linear motion states of the hellicopter

m can vary indepondently. .

~
:‘ According to this assumption, the output of each of the IMU gyros is regarded as correct, ;
‘. oxcopt for a lowband error process. The Kalman filter develops estimates of each of these '
: errors rather than the entire amount of the angular velocity. The sum of the estimated

; error and the assoclated gyro output then represents the angular velocity of the aireraft, AP‘
i
sz To further articulate this arrangement, let the following be defined.
; ‘

% Woyyw = Trueaireraft angular velocity vector

?’ c’f)“ yw ° LEstimated valveofw .o

%; GS“ v w =  Measured value of @y i.e., the outputs of the

IMU gyros

o~

e A R TG R B T

W = W - W
= U vaw uviw uvyw

= The error in the IMU gyro readings

A
AW Ly T Estimated value of AW LW f
., .
1 The Kalman filter develops values for the components of Awu v These are then added to .
the measured components outside of the filter loop to reconstruet the total angular velocity l "}
5 .
b estimate. ié
v j‘$
A ~ A :
W = w v AW )

uvw uvw uvyw
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2.4,2.2 Aircraft Linear Acceleration

An arrangement similar to that described in Section 2.4.2,1 is used for the estimation of

aircraft linear acceleration. Let the following be defined,

Qv w = True aircraft linear acceleration
= +
v w Estimated value of v w
Zivw = True vertical axis direction relative tou v w
A
Z, vw =  Estimated value of 2y v w
f uvw = True specific force from the IMU accelerometers
T lyyw  Blyvw
fu VW =  Measured specific force
Ayvw © avw Tuvw
= The error in the IMU accelerometer readings
A
Afu vw Estimated value of Af P
A A
The actual output of the Kalman filter is Af —— Reconstruction of v w is according to
A _ 'fv A A
favw T °

uvw 8Zuyw Ay @)

and takes place outside of the filter loop

2.4.2.3 Aircraft Linear Velocity

Updating the aircraft linear velocity in the rotating u v w coordinate frame involves the esti-
mated values of both the angular velocity and linear acccleration,

In addition to the variables
defined above in Section 2.4.2.1 and 2.4.2,?,, let

A
Vu vw = Estimated aircratt velocity, which is actually inertially
augmented airspeed.
-~ A
qu vw = The derivative of V as computed in the rotating v v wirame,
a t uvw ———
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2 The velocity transition process is based upon the relationship

‘; g A A

o A

: Vy vw = a -w xV (3)
% —_— uvw uvw uvw

i dt

. A . :

i In this equation, 2w represents the acceleration of the aircraft relative to the reference
” X y 2 coordinate frame, but as expressed in terms of its u v w components. The term .
A . el _

% @y v w X Vy v w) represents the apparent velocity change which is produced by the rotation
3 of the u v w axis set, .
g\

i A

5 Given a value for V y y (t), the value at time t + At is, to a {irst-order approximation,

; A A A A A

S

3 t+ = t) + at t) -w X t 4
Vuvw( at) Vuvw() A[auvw() uvw(t) Vuvw():l )
3

2.4.2.4  Vertical Axis Direction

Ty

Since the vertical axis direction remains constant relative to the reference x y z coordinate
frame, its apparent rate of change in the u v w axis set is due only to the rotation of u v w,
Following the same pattern as in Section 2.4,2.3, let

5@3:::*::‘# FEIRNATE PRI ST A R R R Tk :;';é;; ERLE

A
dz - A . .
_~uvw = The derivative of Z vy s computed in the rotating u v w frame,
dt
Then
A ;
Zivw = -8 X2 (5) |
T uvw uvw

The transition from time t to time t + At is approximated by

e T e e TR
&

: A A A A
k “u vw(t+At)'zuvw(t) -at [wuvw(t)xz‘uvw(t)] (6)
2,4.2.5 Line-of-Sight Direction and Range .

. f Beyond its role as part of the target state estimator, the transition process for LOS direction iy
and range is important for two reasons. . ;
;3? &
; : » It perpetuates the estimate of target state through periods of obscuration, 5

2-20
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] It perpetuates the estimate of target state through periods of gunner closed loop
fire control activity.

As exhibi.ed by Tables 2-5 and 2-10, there will be an interval of several seconds during an
engagement when the gunner is perceiving the centroid of the burst strikepoints, acquiring

this point with the pantographic sight, signalling the computer when burst acquisition has been
accomplished, and reacquiring the target. It is conceivable that at any point during this period
the need for continued fire on the target may arise. The target state estimator and CLFCS
fire control computations are so designed that a viable fire control solution exists at all times
during the engagement. This assures that the gun is continuously aimed, according to the best
estimate of target position, regardless of whether the gunner is tracking the target at any par-
ticular instant,

The expected value of target velocity is zero. Hence, the rate of change of target LOS direc-

tion and range, as expressed in the u v w vehicle coordinate frame, is determined by aircraft
linear and angular velocity, as established by the aircraft state estimator. Provision is made
for stochastic quantities which describe the error between the estimated aircraft velocity and

the true velocity of the aircraft relative to the target.

In addition to the variables defined above in Sections 2.4.2.1 through 2.4.2.4, let the follow-
ing be defined.

R = DPosition vector of the target relative to the aircraft; with IB |=R, we
may say that R = Rs,

AV = Pseudo target velocity.
%_%_ = Derivative of the components of R in the rotating u v w coordinate frame.

%k
Concerning the pseudo target velocity, if V is the velocity of the aircraft relative to a possibly
moving target, then
* A
Vv o= V-ay ™

A
where we recall that V is the estimated aircrafi velocity, being actually the inertially aug-
mented airspeed.
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The rate of change of R in the rotating u v w coordinate frame is given by

*
= -V -exR
With
R=Rs
and
*
R=-V s

then the rate of change in s is given by

% .
V +Rs
S% T TR juxs (8)

Converting equation (8) into a transition equation for the estimate of LOS direction in uvy

coordinates, we have the following:

* A A 9
vuvw(t)_vuvw(t)'AVuvw(t) ®)
. % A
R)=-V 05,0 (10)
. A —
v t)+R(t)s t), A A I
A (t+At)=Q ) - at] VW x Hvw +wuvw(t)‘\suvw(t' (11)
uvw uvw
R (t) )
The accompanying transition equation for range is
A A .
R(t+At)=R(t) + At R(t) (12)
2.4.3 KALMAN ESTIMATION NOMENCLATURE AND PROCESS EQUATIONS

The Kalman estimator formulation employed in the design of the aircraft and target state esti-

mators is essentially that of Nahi, Reference 1. Appendix A sets forth all the generally appli-

cable romenclature, process equations, computational flow, and block diagrams. The particu-
lars of the estimator designs are given in Sections 2.4.4 and 2. 4. 5 below.

B Y. 5 S SRS+ SP o
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The elements of the formulation of the aircraft and target state estimators include specifications
for the following:

The true state array
The estimated state array

FAA A3

The observation array
The state transition process :
The state to observation conversion process
The state excitation process

The observation noise process

The initial state vector and estimation error covariance values

5.
T e T T e

The generation of the gain matrix

A

eI

The exposition of both the aircraft and target state estimators will follow this outline.

AN RS2 PR

The results of the analysis of the estimator designs is presented in Section 2.4.6. This analysis

P

o '
ENGER
Y

acceleration components as in Table 2-11.

i

has been accomplished using versions of the Kalman Estimator Analysis Program (KEAP II) 3

described in Appendix B. ;
E 2.4.4 AIRCRAFT STATE ESTIMATOR DESIGN §
f, 2.4.4.1 True State Array “7
I !
;g( The true state array in this case describes the actual flight condition of the helicopter. This 3
’ is in contrast to the estimated state array, which describes the approximate flight condition
A as developed from sensor readings. The 12 elements of the true state array are defined in g
B £
i Table 2-11.
3 2.4.4.2 Estimated State A.ray i
e“ ;
' &
f ) The composition of the estimated state array differs in two important respects from that of the ;
{% , true state array:
% & State variables 1 through 6 represent the estimated values of the lowband errors in 7
.. 5 the gyro and accelerometer readings rather than the angular velocity and linear §
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e The estimated state array includes auxiliary variables required for the generation

of lowband observation noise components.

The elements of the estimated state array are defined in Table 2-12. The auxiliary state
variables 13 through 24 are required only during the process of designing the fixed gain air-
craft estimator; they are not present in the operational CLFCS as mechanized in the CDC 469

computer.

TABLE 2-11.
AIRCRAFT STATE ESTIMATOR - TRUE STATE ARRAY

AT bt

w, = Angular velocity about u (mrad/sec)
w, = Angular velocity about v (mrad/sec)
‘w, = Angular velocity about w (mrad/sec)
a, = Linear acceleration along u (it/ secz)
a, = Linear acceleration along v (ft/ secz)
a, = Linear acceleration along w (tt/ sec2)
Vu = Velocity along u (ft/sec)
V, = Velocity along v (ft/sec)
vV, = Velocity along w (ft/sec)
z, = Vertical axis direction cosine along u (mrad)
z, = Vertical axis direction cosine along v (mrad)
z, = Vertical axis direction cosine along w (mrad)
2-24
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TABLE 2-12.
AIRCRAFT STATE ESTIMATOR - ESTIMATED STATE ARRAY

Principal State Variables

e d

A =
Awu

Estimated value of the lowband error in the measurement of wy (mrad/sec)
Estimated value of the lowband error in the measurement of w, (mrad/sec)
Estimated value of the lowband error in the measurement of Wy, (mrad/‘sec)

Estimated value of the lowband error in the measurement of the specific force
along the u axis (ft/ secz)

Estimated value of the lowband error in the measurement of the specific force
. 2
along the v axis (ft/sec”)

Estimated value of the lowband error in the measurement of the specific force
. 2
along the w axis (ft/sec”)

Estimated value of Vu (ft/sec)
Estimated value of Vv (ft/sec)
Estimated value of VW (ft/sec)
Estimated value of z, (mrad)
Estimated value of z, (mrad)

Estimated value of z, (mrad)

Auxiliary State Variables

A : .
X13 = 8w, = Lowband observation noise on the measurement of Wy (mrad/sec)
A . .
X4 = swv = Lowband observation noise on the measurement of w, (mrad/sec)
= Sww = Lowband observation noise on the measurement of W (mrad/sec)
2-25
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TABLE 2-12 (Continued)

Lowband observation noise on the measurement of the specific force
component along u (ft/sec?‘)

Lowband observation noise on the measurement of the specific force
component along v (ft/ secz)

Lowband observation noisg on the measurement of the specific force
component along w (ft/sec”)

Lowband observation noise on the measurement of Vu (ft/sec)
Lowband observation noise on the measurement of Vv (ft/sec)
Lowband observation noise on the measurement of V\v (it/sec)
Lowband observation noise on the measurement of z, (mrad)
Lowband observation noise on the measurement of z, (mrad)

Lowband observation noise on the measurement of Zg, (mrad)

2.4.4.3 Observation Array

The composition of the observation array is similar to that of the true state array.

are d¢ -aed in Table 2-13.

In the case of the IMU gyro outputs, it is convenient to employ the angular increment turned

about a given axis rather than the angular velocity because the gyros are equipped with digital,
pulse torqued readout circuits.

s
YRa

RS G
i

o

o

5
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TABLE 2-13.
AIRCRAFT STATE ESTIMATOR - OBSERVATION ARRAY

PRIy

M
e 3
3

P, vy, o= g.. = Angular increment about u corresponding to a measurement of the quantity )
, 1’ qut (mrad/frame)

A Vo = §., = Angular increment about v corresponding to a measurement of the quantity
- wvAt (mrad/frame)

‘z,
RIS

yg = . = Angular increment about w corresponding to a measurement of the quantity
w, A (mrad/frame)

3

P
RO

A3

3R

s N2
e NS T
<
3]
]

=  Specific force along u corresponding to 2 measurement of (-au-gzu) (ft/secz)
= Specific force along v corresponding to a measurement of (—av-gzv) (ft/secz)
=  Specific force along w corresponding to a measurement of (-aw-gzw) (£t/ secz) 3

= Measurement of Vu (ft/sec) :

o

= Measurement of Vw (ft/sec)

\

B P L R R B X SRR M KN e

>

= Measurement of z | (mrad)

T

u

1

v

I

w

vV

u

.y8 = Vv = Measurement of Vv (ft/sec) ;

v

w

u

Ev = Measurement of z_ (mrad)
2w

= Measurement of z, (mrad)

5,
25
]
g
=
%
%,
o L
1A
t:(;ﬂ
4
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2.4.4.4 State Transition Process

e L
——
—— =

Referring to Appendix A, the generalized, nonlinear state process is characterized by the
matrix equation

3

PR TR A IR

Xeo P& + B uy (13)

e YR

The state transition process,® , is a set or vector of equations operating on the present
state at iteration k to yield a forecasted state for iteration k + 1. The partial derivatives of

@ with respect to the elements of x and evaluated at _}Ek comprise the state transition matrix,

PR Ta
T v R e Ao

A (see Appendix A, Section A.1). This matrix constitutes a linearized description of the be-

havior of the system in the region of state space close to the point Xpe As seen in Appendix v
A, Section A. 2, the state transition matrix is required for the propagation of covariance as
part of the gain computation. Its elements may either be determined by explicitly differentia- 4
: ting the transition process equations or by numerical differentiation. The former approach . ';
: was utilized in the CLFCS program. :%
s ¢

The transition process equations are listed in Table 2-14. Note that xl* through xg are dummy
variables which reconstruct the components of @ yw and a, for use in subsequent transition

AN

equations. The terms in curly brackets are elements of the vector Bu; they are not part cf the

transition process, but are included to show how the disturbance process, u, enters into the

P TRL TR W

various elements of state. The mathematical name of each variable and its units are listed
as part of Table 2-14.

)
ey

ey

The acticn of the aircraft state estimator can cause the estimate of the vertical axis vector,
~ . . s . - . -
2 vw’ to depart from unit value. The selected technique for maintammgl Zovw] = 1 is to nor

malize it near the close of each computer frame. The following equations are utilized:

Z — - N
Q = 1000/ \/x10 (k+1)% 4 %, k+1)2 + % (k)

I 3 D PR A e AR PR G S R Y LA

_ .

Xlo (k+1) = Q Xlo (k-ri.) 1 ,%

k!

- - B

X11 (k+1) = Qx11 (k+1) \ :

-— — N ;

X9 k+) = Q X19 (k+1) ;

y

- £ 2
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TABLE 2-14
AIRCRAFT STATE ESTIMATOR - STATE TRANSITION PROCESS

S 2@5@""@"’“4\@*"

X, (kD) = (1-a AY 2, (0 + { a,Ot v |

s egoei ﬁ}*m”ff“*"»“"‘ﬁ'@b\\'ﬁ}j\"“ TR ”,’ﬂ"“

AS u (mrad/sec)

N By e T

- ?{'2 (k+1) = (1 - a IAt) ‘QZ (k) + { QIAt u, } - A«i\:v (mrad/sec)
3

P, X, (k+l) = (1 At) %, (K At A& (mrad/sec)
Xq (k+1) = (1 - a 1 ) X3 ) + { a, ug } - w  (mrad/sec
: X = (1-a,Abh X A AL (tt/sec?

g Xy (k+1) = (1 - a 9 t) Xy k) + { a, t ug } - u sec”)

; X5 k+¢1) = (1 - a 2A t) }/}5 (k) + { a 2At ug } - A?V (ft/secz)

57 - _ _ A K - A ’ 2
- Xg (k+1) = (1 - a 2A t) Xg (k) + { a 2At Ug } Afw (ft/sec®)
g
. A . A J]
g xi‘ = X (k) + Yy (k) "At - Wy (mrad/sec)
x§ o= R0 + oy, WA - @, (mrad-sec)
x§ = §3 (k) =+ Vg (k) "Dt - &\:w(mrad/sec)
x¥ = & K -y, ® - 32.17 % (©/1000. - A (it/secd)
4 “4 4 ’ 10 V7 ’ u
x¥ = % () - y.(® - 32.17 % (k'1000. - A (it/secd)
5 5 5 ' “11 : v
— h . - A ’ J 2
\E = g (ky - Vg (k) 32.117 Xi9 (k) '1000. - aw(ft sec’)
—_ . _ A K . - % A R _ A i ) 5 A i
X, (k+1) = Xq (k) + At (x4 (xz Xq (k) x:’; Xg (k) ) 1000.) Vu (ft sec)
— A A . A ,
Xg (k+1) = Xg (k) + At (}%‘ ~ (>.§ Xn K - xi Xg (k) ) '1000.) - VV (ft ‘sec)
X (k1) = .K) + At (x* - (x¥ %, (K) - x* % (k) )-1000.) - Qf (ft.'sec)
9 o9t 6 1 78 2 M : w ’
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TABLE 2-i4. (Continued)

Rig (tD) = X0 () - At (3 X, 0 - xF %y (K))/1000. 2 (mrad)
B ) = %00 - At (x5 R 0 - x} X, (0))/1000, 2, (mrad)
Rpp (k1) = Ry 0 - At (g R, 00 - x§ %;0 (0))/1000. 2, (mrad)
i13 (k+1) = (1 aaAt) §13 (k) + a3At Uyg Sw u(mrad/sec)
214 (k+1) = (1 - 03At) }Acm k) + aSAt Uy dw v(mrad/sec)
§15 k+1) = (1 - asAt) §15 k) + a3At U5 Sw W(mra.d/sec)
§16 (k+1) = (1 - a4At) £16 k) + a4At g S a (ft/sec?‘)
Ryp (1) = (1 - a,08) k. 0 +{ a,At u, 5 a (it/sec?)
Rg(rl) = (1 - o AD %0 +{ a,At ugg 5 a (it/sec)
Ryg (k#1) = (1 - 2 A1 Ko () +| aglt v 5V (ft/sec)
o0 (k+1) = (1 - asAt) 9{20 (®) + a5At Uy S VV (ft/sec)
%51 k+t) = (1 - asAt) in k) + a5At Upy S Vw(ft/sec)

L
Rop (+1) = (1 - agAt) Rpo (0 + | a At uy 5 z, (mrad)

Q Rpp (k+1) = (1 = agAt) XKoo () +{ agAt u,g 5 2, (mrad)

224 (k+1) = (1 - aeAt) )?24 k) + aeAt Upy S zw(mrad)

2.4.4.5  State to Observation Conversion Process

Referring to Appendix A, the observation process is characterized in general by the equation

(15)
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The conversion process I consists of a vector of equations which transform the state array

into the observation array. As seen from Appendix A, Section A. 2, the partial derivatives of

I with respect to the elements of x and evaluated at x K comprise the conversion matrix, C

(sce Appendix A, Section A, 2). This matrix constitutes a linearization of I in the vicinity of
Tk

The equations of the conversion process are listed in Table 2-15. As can be seen, in the case
of the aircraft state estimator I'is linear so that the clements of C can be written down by

inspection.
TABLE 2-15

AIRCRAFT STATE ESTIMATOR - STATE TO OBSERVATION
CONVERSION PROCESS

[ " (mrad/frame)

§l k) = At (321 (K) * -:'{13 () ) vy (k-1)
§2 (k) =At (352 (k) + ;‘:1 4 k) ) » Yo (k-1) 8, (mrad/frame)
8 (mrad/frame)

373 K) = At ({3 k) 3315 &) ) + Vg (k-1) -
- fu (ft/secz)

Vo) = = X, 00 Xpp () r ¥y (k-1)

- - ~ , Tt/ secd
ys (k) = - xs (k)" }‘17 (k) ! y5 (K—l) - {V (“'/be(' )

T = - g 0= K 0 1 yg (-0) - Twsedy
B ;7;13= T\'w,, & + X9 K - v, {it/sec)
Vg () = X5 &) 1 Xpy () - v, (ft/sec)
Vg () = Xg &)+ Xy () - v, ({t/sec)
- gwww— “ “ M%;u (mrad)

Yio &) = X10 (k) Xoo (k)

- 2, (mrad)

¥qy k) = X1 K X913 (k)
'5}12 k) = 3212 (k) + ,{24 (k)‘ ; A - ‘z-\Y ‘(m‘ril:i-) ]
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Examination of Table 2-15 reveals the entrance of the lowband sensor noises (states 3213
through 7{2 4) into the corresponding observations. By this meaas, the ( CPkCT)term in the
innovation covariance (see Appendix A, Section A.2) reflects the presence of the lowband

sensor noise., The wideband sensor noise, to be discussed in the sequel, is reflected in the
T
(DLD") term.

2.4.4.6 State Excitation Process

Referring to Appendix A, Section A. 2, and equation (13), the driving function for the state
process is a vector of noises, u. The association of the 24 elements of u with the 24 state
elements is placed in evidence by Table 2-14; note that u, through u,, are identically zero,
being defined only for the sake of commonality of subscripting.

Again referring to Appendix A, Section A.1, the covariance of u is the matrix K.
= iy 1 L
K =Cov (u) =Exp{uu’) (16)

The off-diagonal elements of K are zero in the present case, and the diagonal elements are
the variances of the elements of u.

kij =0, i#j, i=1, 2, ..., 24, j=1, 2, ..., 24
2 . (1T
=0 % i=1,2, ..., 24

ii .
i

As we have noted,
kii=0’ i=7, 8, ..., 12 (18)

All of the noise processes defined for the aircraft state estimator represent lowband sensor
errors and are of first order with a break frequency a 0 rad/sec (i=1, 2, ..., 24). The
relativnships involved in selecting the required input variance for a desired output variance
are summarized in Figure 2-5 for the first order process.

Table 2-16 lists the values selected for the RMS values of the lowband sensor errors after

filtering, the selected break frequencies, a P and the required values of the K-matrix elements
corresponding to these choices.
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Figure 2-5. First Order Gauss- Markov Process Relationships

The RMS sensor errors were arrived at by analysis of the performance of the particular sen-

sors selected for incorporation into the CLFCS, taking into account such effects as:

e Drifts and Biases
e Scale factor uncertainties

e Errors introduced by sensor misalignments

The errors selected for § Zayw Vere obtained, in fact, from a simulation of the LSI-9000

vertical gyro over a sequence of straight-line and maneuvering path segments.
The values selected for the break frequencies, a o were arrived at through engineering judg-
ment with an appreciation for the dominant driving functions of the several errors. In general,

the values of the a; veflect the probable bandwidth of the measured state variable. That is, for
example, the bandwidth of § Vu is expected to be similar to that of Vu‘
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TABLE 2-16
AIRCRAFT STATE ESTIMATOR - STATE EXCITATION PROCESS PARAMETERS

B
%
2y
s
3
“
sy
2o
2
A
3
Y
b
N

- —— - P — e . N = 2 it »

State u- RMS Value o 2 o ‘ ﬂ
Variable(s) Element(s) oy rad/sec % / oy K - Element(s) !

: * : |

ko . T 1 N o i

B2 A 1 5 ‘ad/ = 5 S = = =

- X 9.3 = Ay Y 93 0.5 mrad/sec | a;=l 5.90 x 10 kl, 1 kz’ o k3‘3 14.75 |

A A 2 1

" , = Q - [ : = = = 5

4 | %4 5.6 ALy Uy 5,6 0.17 ft/sec 9=1 5.90 x 10 k4, 4 k5’ 5 kG, = 1. 705

o !

1 1

% : = s N sec = X = = =

£ [ %13,14,15 " B0y | V13,14,15 | 05 mrad/sec | ayel 5.90 x 10 ki3, 137%14,147F15, 15714 ™ i

s

: ~ 82 o2 - 10l i} i} 1 nos
- ‘\16, 17,18 = 8a Uy6,17,18 0.17 ft/sec a, =1 5.90 x 10 le’ 16—k17, 17‘1{18, 18-1. 705 i
b ' A

B X, = 3V u

- . 102 - 104

19 u 19 10 ft/sec 05—0.5 1.19x10 1(19, 19—1.1901\10
b
b : 2 4

: ¢ = a0 =0 § . = .
; Xg0 = SVV LP 20 ft/sec ?5 0.5 1.19x 10 kZO, 20 4,760 x 10
& A

: X, = 38V

= | e i 102 _ 103
Xgp = 3V, Uy, V 10 ft/sec a_=0.5 1.19x 10 k21,21 =1,190 x 10

i
<
1

o7

2 4
. a = .
X909 N Uyg 16 mrad 6‘0.5 1.19x 10

k22, 99" 3.046 x 10

u

AR R
¥
©
<

- c 102 - ¢ 102
93 16 mrad a.=0.5 1.19x 10 Kpg 93 =3.046 x 10

PP
Xoq © w Ugy 8 mrad a,.=0.5 1,19x 10

. 1n3
k24‘24 =1T7,616 x10
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As is evident from Appendix A, Section A. 2, and equation

., the state excitation noise com-
ponents enter the estimation process via the propagation matrix B. In the present case, the

B-matrix is 24 x 24, and its non-zero elements are shown in Table 2-14 (the terms enclosed
in curly brackets). They are also listed below for the sake of clarity:
' b1’1=b2’2=b3’3=a1At,a1 = 1 rad/sec
by 4 =0y 5 g g =yBt, @y = 1rad/sec
r

-

big 137 P1a 14 F15,15 = 9ght » @g = 1rad/sec

byg 16 = P17,17 “P1s,18 = ¥adt s ¥4 T 1 rad/sec
b

DR D
R i iad

19,19=b20,20=b21,21 = Qg At Qg = 0.5 rad/sec
b

22,22 = P23 93 =Paq, 24 = % Ot s @ = 0.5 rad/sec

s

The values for the a i are as shown in Table 2-16. All the other elements of the B~-matrix not
listed above are zero.

st -

2.4.4.7T Observation Noise Process

- e SR TITASY,
TERR I Y & P L A

Referring to Appendix &, Section A.2, and equation (15), the sensor readings are corrupted by

a noise process v. By definition, the components of v are sequentially uncorrelated; that is

t XV Vi, =0 m> (19)

z Accordingly, the v noise process is wideband in character for a computer iteration rate appro-
k3 -

% priate to a fire control estimator.,
: % . In General Electric's experience, most fire control sensors exhibit substantial lowband error
"f; ¢4 components. In the case of the aircraft state estimator, these have been introduced via state
J variables §(‘13 through §29 driven by sequentially uncorrelated noises Usg through Uoy- The
7. RMS values and bandwidths of the lowband errors are described in Section 2.4, 4. 6.

§

¥

: The wideband sensor errors introduced through v represent thermal noise, quantization/

5 resolution effects, etc., which tend to manifest diiferent values from one computer frame to
.

g |
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the next. Somewhat arbitrarily, the variances of the elements of v are made equal to the cor-
responding lowband error variances. Thus, in the case of the IMU gyros, for example, an

RMS wideband error of 0.5 mrad/sec is introduced so that the total sensor error, including
both lowband and wideband components, is

56 = 1/0.5% +0.5% =0.707 mrad/sec (20)
Referring to Appendix A, Section A.1, the covariance of v is denoted L.
T
L =Cov(v) = Exp (vv") (20)

As in the case of the K-matrix, the off-diagon~] elements of L are zero and its diagonal

elements are the variances of the elements of v. There is one element of v for each of the 12

sensors (see Table 2-13 for a definition of the observation array). Accord.ngly,

2 =0, 4=1, 2, 0, 12,21, 2, .0, 12

(21)
o 2 =
455 -crv.1 , i=1,2, ..., 12

Table 2-17 lists the values selected for the elements of L, which are in agreement with the
lowband errors listed in Table 2-16.

As is evident from Appendix A, Section A. 2, and equation (15), the observation noise com-

ponents enter the observation process via the propagation matrix D. In the present case, the
D matrix is equal to the identity matrix.

D=1 (22)

2.4.4.8 Initial State Vector and Estimation Error Covariance Values

As indicated in Appendix A, Section A.4, the estimation error covariance matrix, P, must be
initially established from input data in order to commence the calculation of the Kalman gain.
In general, the values selected for the elements of the initial P - matrix should reflect the

level of confidence which can be placed in whatever values are chosen for the elements of the

initial state vector, X. The effect on the estimator is to influence the gains during the first
few computer frames.
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TABLE 2-17.
AIRCRAFT STATE ESTIMATOR - OBSERVATION NOISE PARAMETERS
Observed Y- RMS Value 9
Variable(s) Element(s) oy L-Element (crv )
y1,2,3 =0 v1,2,3 0.50 mrad/sec ﬂl,l =_(22,2 =,03,3 =0.25
2 _ _ _ -

y4’5’6— fuvw V4,5’6 0.17 ft/SeC ﬂ4’4 ".25,5 —ﬁ6,6—2'89 X10
Vg =V, Va 10 ft/sec dg = 100
y, =V Y _

g = Vv 8 20 ft/sec 2 g =400
Vg =Vy Vg V10 ft/sec —ag’ 9= 10
V10,11 = Zay Y10, 11 16 mrad 10,10 = 211,11 = 296
Vg = 2y V12 8 mrad 13,12 = 64

States El 9.3 represent the estimated values of the lowband gyro errors. Accordingly, the
™

appropriate initial values for them are
X| TXy =Xg =0 (23)

The RMS value assigned to each of the lowband gyro errors in Table 2-16 is 0.5 mrad/. sec,
which therefore also reflects the uncertainty in il 5 g+ On this basis,
b H

‘ i
=
H
5
Y
ooy
A
a t
% §
E
i
gfs %
PR
1 g
]
i3
5
5 b
. a» s
2t [~
z. ¢
2 13
> 1
* G

Bjg =Py p =Py 5 =0.25 (mrad/seo)’ 0

States §4 5 6 represent the estimated values of the lowband accelerometer errors. The ap-
r Y
propriate initial values for them are

X, =?c5 =% =0 (25)
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and, in agreement with Table 2-16, the uncertainties associated with these values are .
Dy 4 =P & =Pa n =0.0289 (ft/sec?)? (26)
4,4 “5,6 76,6 i
States 1_{7 8,9 represent the aircraft velocity. These state variables are initially set directly
from observatxons y7 8,9’ which are the velocity outputs of the air data subsystem. In other
words, at timet =0, the values for y..I 8,9 are placed in the memory locations for x,7 8,9"
The uncertainty in each of these values is the resultant of the lowband and wideband sensor .
error components. Therefore, |
by =107 +10% = 200 (it/sec)
?
3 .2 2
Pg g =207 +20% =800 (ft/sec) 27)
.. ’
; 2
. Pg g = 10 +10 = 20 (ft/sec)
b ,
i <
53 - ¥
,j States X10.11. 12 represent the vertical axis direction and are initially set from observations k!
Y10 11 12: w.ilich are developed from the outputs of the LSI-9000 vertical gyro. The resultants K
9 ] k1
‘ of the lowband and wideband sensor errors for these observations gives ':s
i Pio 10 = P11 11 = 162 + 162 =512 mrad®
LN Y ]
E (28) 3
’ Dyy 15 = 8° +8° =128 mrad® |
G States X3 through X,y are auxiliary variables for the generation of the lowband sensor error
=4
3 components andare assigned initial values of 0. In agreement with the RMS values assigned in
% Table 2-16, the following initial estimation error covariances are used:
ra :
- } ) ) 2 :
3 P13 13 = P14,14 = P15, 15 = 0- 25 (mrad/sec) i
_ _ 2,2 hd
A Pyg,16 = P17, 17 = P1g, 15 = 00289 (it/sec?) |
:I 2 B
A Pyg 19 = 100 (it/sec) ]
A ! Tk
_ 2
i Pao, 20 = 400 (ft/sec) (29) y i
e Pgq 91 = 10 (ft/sec)2
et ’
B _ _ 2
. Pgg 99 = Pog 93 = 256 mrad
kyg _ 2
2 p24,24 = 64 mrad
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2.4.4.9 Gain Matrix Computation

Because of the fact that the aircraft state estimator can operate continuously from the point
of take-~off, or at least trom a point significantly before the target eny. gement, there did not
appear to be justification for on-line Kalman gain computation. Expecrimentation with various

estimator designs led to the fixed gain design which is now described.

The aircraft state estimator has 12 principal state variables whose filtered values are to be
continuously generated as a basis for the fire control solution (see Table 2-12). Auxiliary
state variables 13 through 24 introduce lowband sensor noise into the estimation process, and
are therefore not subject to filtering. That is, the gain elements which would normally pro-
duce adjustments in these state variables are arbitrarily set to zero. Accordingly, there are
potentially 12 x 12 = 144 gain elements of concern in the operational system.

Section 2, 3.3 describes two target engagements which were selected as the basis for design
and analysis of the CLFCS estimators. Table 2-9 lists the parameters for these two engage-
ments, a straight-line offset attack and a veer-off attack. Table 2-18 summarizes the
methodology for designing the fixed gain aircraft state estimator, in which both the straight-
line and veer-off attacks are employed.

A key step in the fixed gain design process is the initial sort based upon the result of operating
the estimator against the straight-line attack. This involves a ranking of the elements in each

row of the gain matrix according to their actual importance in the estimation process.

From Appendix A, Section A.1 and A. 2, the fact is evident that the gain matrix, G, operates
on the innovation vector z =y - 'i Accordingly, the corrections applied by the filter to the
state vector is Gz. In particular, the correction applied to state element i is

12

Ax; = j;i gij zj (30)

T

The covariance matrix for z is Q = CFCT+ DLD", which is computed as part of the Kalman

gain algorithm (see Appendix A, Section A.4). Therefore, the variance of zj is

O'Zj = qjj (31)
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TABLE 2-18.
FIXED GAIN ESTIMATOR DESIGN METHODOLOGY

e Compute the Kalman gains versus time at 30/sec for 40 sec along the straight-line

course. Select the gain values at the end of 40 sec for use in the fixed-gain
estimator.

e Using the RMS values of the innovation elements (RMS (zj) =0, = V qjj )
]
Iy =100 [gij \/—qjj:' /[gﬁ \[q;'i} ,1=1,2,...,12 i=1,2,.,,,12
e Inthei row, the diagonal element receives a ranking of 100%. In most, but not

all cases, r.. <r,..
ij ii

e Reject from further considerationany gij for which rij < 1%.

e Compute the Kalman gains along the 40 sec veer-off course.

e Reject from further consideration any gij which exhibits kinematically induced gain
variations.

o The net result is a 31 - element fixed gain estimator.

Considering the case where the gain elements, gij’ have reached their steady-state values, the
RMS value of each of the 12 contributors to Axi is reflected by

“axy T8 % T Byv/%; 42

The individual gains ineach row of G are thereby ranked in relation to the diagonal element,

and thrse off-diagonal gains contributing less than 1% to Axi on an RMS basis are eliminated.

The second stage of sorting involves the use of the veer-off course which includes maneuvers
as described in Section 2.3.3. Gains whose values are modulated by the maneuver are subject

to kinematically induced variation and must therefore be eliminated from the fixed gain matrix.

As a consequence of these two stages of sorting, a 31 - gain estimator was developed. Table
2-19 lists the values of the 31 non-zero elements in the 12 x 12 gain matrix.

The satisfactory performance of the fixed gain aircraft state estimator was confirmed using

the veer-~off attack. The results of this analysis are presented in Section 2. 4. 6.
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TABLE 2-19.

LISTING OF SELECTED FIXED GAIN ELEMENTS FOR A
PRACTICABLE AIRCRAFT STATE ESTIMATOR DESIGN

Gain Element State Innovation
& Value Element Element
G(1, 1)=3.12 wy s6u

- : G{ 1,11)=1, 06E-04 wy 52,
ko : G(2 2)=G(1, 1) w 56y
o G( 2, 9)=5.35E-04 wy 8V,
G( 2,10)=-9, T6E-05 wy 82,
" ’ G(3, 3)=G( 1, 1) @y 56,
G( 3, 8)=-1.22E-05 Wy 3V,
G( 4, 4)=-.104 a, ] a,
; G( 4, 7)=3.59E-05 a 5V,
r ] G( 5, 5)=G( 4, 4) a, 5a,
e G( 5, 8)=8.51E-06 a, BV,
- G( 6, 6)=G( 4, 4) a, sa,,
. G( 6, 9)=3.77E-04 a, sV,
. G( 7, 4)=-.0158 v, a
= G( 7, 7)=.0210 v, 8V,
& G( 17,10)=-. 00596 v 5z
% u u
G( 8, 5)=-.0136 v, sa,,
G( 8, 8)=0131 v, 8V,
G( 8,11)=-.00832 v, 3z,
G( 9, 6)=-.0179 vV, Sa,,
& G( v, 9)=.0281 vV, 3V,
3 G( 9,12)=-,00359 v, 3z,
G(10, 2)=-.258 Z, 86,
G(10, 7)=-.0161 2, 8V,
G(10, 10)=. 00676 z, sz,
:“ ) —

o G(11, 1)=.327 z,, 56,
e G(11, 8)=-.00563 z, 8V,
= G(11, 11)=. 00856 7, 82,
G@12, 6)=.00994 z., s,
G(12, 9)=-.0241 z,, BV,
G(12, 12)=. 00407 z, sz,
2-41
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2.4.5 TARGET STATE ESTIMATOR
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Wwith the description of the aircraft state estimator as background, the details of the target

state estimator design are now presented.

2.4.5.1 Preliminary Discussion

The purpose of the target state estimator is to maintain an accurate representation of the

target's position, in terms of both range and LOS direction, with respect to the u v w vehicle

2
coordinate frame. Continuous measurement of the 1.0S direction cosines relative to uvw
is obtained from the pantographic sight resolvers while the gunner is actually tracking the lj
target. In the absence of these measurements, while the gunner is engaged in closed loop fire ;
control activity, the LOS direction is perpetuated by the target state estimator transition
process. G

.Y
- There is no continuous measurement of target range. The pilot inserts an estimate of range §
via the range potentiometer on the CLFCS control panel at the instant of target acquisition. g

-
The detailed crew activities involved in this are as follows: ]

]

e Prior to target acquisition, a value for acquisition range is selected and dialed i

in by the pilot; an acquisition range of 8.000 to 10, 000 ft {2438 m to 3048 m)

is considered appropriate.

e As this range is approached, the gunner establishes a LOS track, but does not
depress the sight action switch. 1

e The pilot signals the gunner when the selected acquisition range is attained; the 3
gunner thereupon depresses the action switch. *

e This generates a discrete command to the CDC 469 computer to initiate target state
estimation, and also initiates slewing of the gun to the continuously updated aiming ‘

’ solution. As part of this, the range pot setting is used to establish an initial range \
value. ;

Further discussion of the problem of introducing the initial estimate of range in the flight ' ,
test environment is contained in Reference 3. g
f

|

2-42 .

By

L g

FREIN - e PRI N
PR o R o R A L. T iy N )




L R T e ey e e
: 54 *3 B E ,.,;t\, v'b‘;.*{\‘?” \NQ%\’?:\?;‘?M;{'SE:"”?‘?\?}y "»‘,"-"“:\7‘;“3”{'\&’133 Rr 4: @t’mﬁw&‘ f‘"‘v,wa&&?x‘%-'r K W@
’ { - - B T R I s ana g e N
¢ The target state estimator transition process makes use of the angular and linear velocities k
N furnished by the aircraft state estimator. In particular, the linear velocity information pro- '
,,« vides a basis for updating target range. The introduction of pseudo target velocity auxiliary
,' { variables accounts for the probable disparity between the estimated aircraft velocity and its
_ § actual velocity relative to the target.
: ’ Within the target state estimator, all angular information (direction cosines, angular velocities)
is expressed in milliradian units and range information, in kilofeet units. This reduces the
‘ range of the error covariance values and thereby diminishes the probability of numerical prob-
lems in the fixed point implementation of the target state estimator. Conversion back to standard
,,Y, units (radians, feet, etc.)at the interface with the fire control computations is assumed in the
sequel.
- 2.4.5.2 True State, Estimated State, and Observation Arrays
= Tables 2-20, 2-21, and 2-22 define the elements of the true state. estimated state, and
§ obse¢rvation arrays for the target state estimator.
TABLE 2-20.
. TARGET STATE ESTIMATOR - TRUE STATE ARRAY
é X =8, = Direction cosine of LOS with respect to u vehicle axis (mrad)
'_ Xy =8, = Direction cosine of LOS with respect to v vehicle axis (mrad)
P
i% Xg =8, = Direction cosine of LOS with respect to w vehicle axis (mrad) "
, x,=R = Range (kilofeet) i
i
. i
4 |
3
.
5
&
e
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TABLE 2-21.
TARGET STATE ESTIMATOR - ESTIMATED STATE ARKRAY

Estimated value of Su (mrad)

——

Estimated value of Sy {mrad)
Estimated value of Sy (mrad) *
Estimated value of R (kilofeet) -
Pseudo target velocity along u vehicle axis (ft/sec)
Pseude target velocity along v vehicle axis (ft/sec)
Pseudo target velocity along w vehicle axis (ft/sec)
Lowband error in the measurement of Sy (mrad)

Lowband error in the measurement of Sy (mrad)

= Lowband error in the measurement of Sy (mrad)

TABLE 2-22.
TARGET STATE ESTIMATOR - OBSERVATION ARRAY

Measured value of Su (mrad)

Measured value of Sy (mrad)

Measured value of Sy (mrad)
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2.4.5.3 Transition Process

In Section 2. 4. 2.5, the fundamental dynamic relationships for the target state estimator trans-
ition process -~ set forth. These include the incorporation of pseudo tavget veloeity com-
ponents, which  'tect the difference between the velocity output by the aircraft state estimator
and the actual velocity of the aircraft relative to the target.

The angular and linear aircraft velocity components, as they are used in the target state
transition process, are denoted as {ollows:

A
W k) = w, = Angular velocity component about u axis &s output by the aircraft state

estimator at frame K.

w2(k) = {‘\’v = Angular velocity component about v axis,
wS(R) = Aw = Angular velocity component about w axis.
A
Vl(k) =Y 1 = Linear velocity component along u axis as output by the aircraft state
estimator at frame k.
A
Vz(k) =V v = Linear velocity component along v axis.
A . *
V3 (k) = V\v = Linear velocity component 2long w axis.

With this, the target state transition process equations arc listed in Table 2-23, To main-
tain the LOS vector at unit value, its components are normalized each computer frame

according to the foliowing equations:

Q= 1000/\/.?1 k)2 o %, k)% 5 ki1)2

§1 (kil) = Q.i-‘l (k+1)

(33)
§2 (k) = QIZ (k +1)
§3 (ktl) = Q '.\'-3 (k +1)
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. TABLE 2-23
g TARGET STATE ESTIMATOR - TRANSIT1ON PROCESS
ol -
5 Principal State Variables
VIR = Vi - X () (V¥. ft/sec)
: VI = VR - ’A‘s (k) (V3, ft 'sec) .
ViR = Vol - % (K) (V*. ft‘sec)
3 3 3 7 W -
o . _ \ .
2 R = -107° (v; 08 (0« V50 %y 00 ¢ VER R M) (R, Kitrsec)
'i“ A ‘ A A
: < = ¥ - * (1o v oo . ()
§ x; (k+1) = X, (k) AN ((V1 (k) + R (ki x; (K))'x, (i)
_ A
4 i 10 3 (w 5 (k) :’::3 k) - w 3 (k) X, (k))) (gu. mrad)
¥ T (i _ A _ ¥ A /0
L X, (k+1 = Xq (k) At <(V§ k) + R (K) Xy (k) ) Xy (k)
-3 A A A
3 + 10 (w3 (k) Xy (K) - w 1 (k) Xq (k)) (sv, mrad)
: — A : I N,
;5 Xq (k+1) = Xq k) -At <(\/§ (k) + R (k) Xg (k) ) Xy (k)
5 ' 10_3 (w i (k) f)\cz (k) - w 5 (k) *A\l (k))) (é\w. mrad)
; ¥ D) = X )+ AtR®K (R, kft)
:;:
; Pseudo-Target Velncity Components
X - -e 2 ; L) - X
4 Xg (k+1) = (1 - @ lAt) Xg (k) .001 (w 9 (k) Xq (k) w g (k) Xg (k)
; + {a lAt Uy ] (AVu. ft: sec)
: — A A A
; Xg (k#1) = (1 - a l‘At) Xg (k) - .001 (w3 (k) Xg k) - w 1 (k) Xy (k)
i A
i + [ ay Ot u, : (AVV. ft, sec)
. X, (ke) = (1 AY) X, (k) 001 (w, (k) Xq (K) (k) X, (k)
g X, (k+ = -ay t) Xy - . wy (k) Xg (k) - wg (k) x5
% + [ alAt u, } (AVW. ft sec)
¢
ii ‘ Lowband Sight Errors o \
| S ) } \ 3
G Xg (k+1) = (1 - « 2At) Xg (k) + )a 2At uy (8 Sy mrad) ,
— A A i
: Xg k+1) = (1 - a 2At) Xq (k) + azAt ug ] S, - mrad) !
5 — A A
xlo(k+1) = (1 - a zAt) "10(1‘) + azAt ug (8 S, mu ad) |
i :
- 2-46
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2.4.5.4 State to Observation Conversion Process

The conversion process equations for the target state estimator are listed in Table 2-24. Note
the iniroduction of the lowband sight error components.

TABLE 2-24.

TARGET STATE ESTIMATCR - STATE TO OBSERVATION
CONVERSION PROCESS

y; &) = X (&) + §8 (k) (s, mrad)
—);2 (k) = §2 k) +-}-\'9 (k) (SV’ mrad)
§3 (k) = ;{-3 (k) '*‘-;(10 (k) (Sw, mrad)

2.4.5.5 State Excitation Process

The state excitation for the target state estimator consists of the pseudo target velocity com-
ponents, Vuvw' Auxiliary variables are also defined for the generation of lowband sight error

components, due principally to gunner tracking error.

The pseudo target velocity vector potentially includes all effects which cause the estimated
aircraft velocity to differ from the actual velocity of the aircraft relative to the target. T.ae
following contributors must therefore be considered:

A
» The error in Vuvw’ considered as inertially augmented airspeed.
e Wind velocity.
e Target velocity.

Accordingly, the break frequency of 1 rad,’sec and the variances listed in Table 2-25 reflect
A
the desire to optimize Vuvw for the estimation of airspeed error.
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TABLE 2-25.
TARGET STATE ESTIMATOR - STATE EXCITATION PROCESS
PARAMETERS
State RMS Value Frequency 9, 9 5
Variable oy a (vad/sec) | u - Element % /O‘X K-Element (o, )
N 20 ft/sec a -1 u 5.9 x 101 k. . =2.36x 10%

Xg = AV 1 1 ) L1
5 = AV | 20 ft/sec a =1 u s.9x100 |k, =236 x 104
‘ Xg = A y 1 2 : 2,2
- - a® 10 1t/ a, =1 u | soox10l | ok, =5.90x10°
3 X7 = A VW sec 1 3 . | 3,3
! .
,h “‘ /\ _ 1 —
é x8=88u 4 mrad a2_4 u4 1.4x10 k4’4—224
- 1 _
‘; ; x9=3§v 4 mrad a2=4 ug 1.4x10 | k5’5—224
Y
s A 1
e = = . k = 224
: xlo-st 4 mrad sz 4 ue 1.4x10 6,6
i A
g Contributors to an error & Suvw in the measurement of the LOS direction by the pantographic
33, ; sight include gunner tracking error, electro-mechanical sighterrors, and optical canopy errors.
jé ; In considering the magnitude and bandwidth parameters which should be assigned to the overall
?’e’ 3

sighting error, we must recognize that in the CLFCS the sight is being used to establish the

target location relative to the u v w coordinate set for the initial and calibrated firing bursts,

a0 LI LY

and to measure the angular difference between the aimpoint and strikepoint for the initial :
burst. These measurements are obtained by: ' |

1. A precise sighting on the target, preparatory to the initial firing burst - (Sl)uvw'

B e S T S R

2. A sighting on the initial burst strikepoint location - (sz)uvw’
Z::,. 3. A second sighting on the target preparatory to firing the calibrated burst - (SS)uvw'
f’%: The unit vectors to these three points, (si)uvw‘ i=1,2,3, define a sphericai triangle over \
t : which the sight is deployed in relation to the u v w coordinate set. There is also an elapsed
5 =Yy
% E time factor of about 15 to 20 sec which measures the duration of sight deployment. Frror
. constituents which strongly correlate over the spherical triangle traversed by the siht, whose
;I i area is of the order of 25° (or about 7% of the area of the entire sphere), and over an interval
3 2-48
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of about 15 sec, will be common to the three sightings, and thus substantially counteracted by
the closed loop fire control function. Accordingly, the residual error, which limits the et-
fectiveness of the CLFCS, is the random error or lack of repeatibility in measuring angular

differences of the order of 50° or less.

General Electric obtained data on this part of the sight error, with the result that it was
assigned the value listed on Table 2-25. The break frequency of 4 rad/sec was selected
according to the rationale that the largest contributor to the random sighting error component
would be gunner tracking error, and that this, in turn should be appropriate to a fairly tight

tracking loop closure on the part of the gunner,

The state excitation propagation matrix, B, for the target state estimator is 10 x 6. Its non-
zero elements are the terms enclosed in curly brackets in Table 2-23, and are listed below:

b5,1 =b6,2 =b7’3 = alAt, oy =1 rad/sec

(34)

b =b =b

8,4 Py 5 At, 02=4rad/sec

10,6 -~ %2

All other elements in the B-matrix are zero.

2.4.5.6 Observation Noise Prccess

In agreement with the rationale set forth in Section 2. 4. 4.7, wideband sighting errors are
introduced via the L-matrix with variances equal to those of the lowband errors described in
Table 2-25. The v - vector for the target state estimator has 3 components, one for each
component of guvw (see Table 2-22). Hence, L is 3 x 3, with zero off-diagonal elements and

diagonal elements as defined in Table 2-25,
The observation noise propagation matrix, D, is equal to the identity matrix,

D=1I (35)
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TABLE 2-26.
TARGET STATE ESTIMATOR - OBSERVATION NOISE PARAMETERS
) RMS Error
Observed oy 9
Variable v - Element L-Element ( o, )
f‘ ¥ =5, A 4 mrad 121 1=16
‘éﬂ\
x v vy 4 mrad ﬂz, 9 = 16
- Vg 4 mrad .ﬁ3’3 = 16

RSt e MLt

2.4.5,7 Initial State Vector and Estimation Error Covariance Values

As was indicated in Section 2. 4. 4. 8, the initial covariance of the estimation error and the
initial values selected for the state elements are related. In the case of the target state estim-
ator, the estimates of the LOS direction cosines are initially established directly from the

measured values. That is, at time t =0,
X, =y, 1=1,2,3 (36)

Accordingly, their error covariances are equal to the sum of the lowband and wideband observa-

tion noise components.

2,2 2
= = =4" + 4" =32 mrad 37
Pp,1 P2, 27P3 3 @7
The initial estimate of range is derived from the range pot on the CLFCS Control Panel. The
RMS uncertainty in the crew's estimate of range is expected to be V2.5 = 1.6 kft, so that
2

p4,4 = 2.5 kft (38)
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States Xg through Xyp are auxiliary variables for the generation of stochastic processes repre-
senting pseudo target velocity and lowband sight errors. They are initially assigned values of

0, and their initial error covariances are as follows, in accordance with Table 2-25:

= 400 (ft/ .<3ec)2

: P5 5 =Pg 6
s,
;- )
g Py o = 100 (it/sec) (39)
23 b
s, *
Po o =Da o =D =16 (mrad)2
i 8,8 9,9 *10,10
L
2.4.5.8 Gain Matrix Computation
b
2 Two aspects of the target state estimation problem militate against the use of a simple form
?y of gain matrix, such as a set of fixed or explicitly varying gains:
o e Rapid settling of the estimator, in order to reach a viable aiming solution as
5
;, uickly as possible after target acquisition, is vital to the overall effectiveness
i q { )
y of the CLFCS.
2, ° he ensembie of ta~get engagements encompasses major variations in aircraft/tar-
%
: \ get geometrical and kinematical relationships. Principal among the parameters
;: subject to such variability are target range and the angle tetween the L.OS and the
,4(;
R u aircraft axis. These variations, either occurring over the course of a given
engagement or from one engagement to another, demand significant variations in
g . - . . <pps . : . .
- the optimal filter gains, which are difficult, if not impossible, to reproduce in an
g'l
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explicit gain formulation.

Initial design effort confirmed the existence of the latter problem and prompted consideration

of the real-time generation of the Kalman gains. To alleviate the computational burden, it

was decided that a reduced gain update rate should be investigated. The dynamics of the gain
- variability proved to be such that an update rate of 6 per sec, or 1 update every 5 main

frames, preserved essentially all of the full Kalman performaiice capability.
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2.4.6 ANALYSIS OF ESTIMATOR PERFORMANCE

The analysis of the performance of the aircraft and target state estimators was accomplished
using the target engagements described in Table 2-9, particularly the veer-off engagement

The analysis was carried out using a version of the Kalman Estimator Analysis Program
(KEAP II) described in Appendix B.

2.4.6.1 Analysis of the Aircraft State Estimator

&h.

Three particular runs of the KEAP program are of significance in presenting the results of the
analysis of the aircraft state estimator:

[ ] G1757 - Operation of aivcraft state estimator with Kalman gains generated
on-line versus the straight-line attack course.

. G1770 - Operation of the aircraft state estimator with Kalman gains generated
on-line versus the veer-off attack course,

»

G1799 - Operation of the aircraft state estimator with fixed gains (see Table 2-19)
versus the veer-off attack course.

The indices of aircraft state estimator performance are the RMS uncertainties in each of the

twelve principal state variables (see Table 2-12). These are plotted in Figures 2-6 through

2-9 for each of the three computer runs listed above.

Figures 2-6 and 2-7 indicate that neither the presence of aircraft maneuvers or the use of fixed

gains instead of full Kalman gains is expected to have an appreciable effect on the estimation of
aircraft angular velocity and linear acceleration,

The length of time required for settling of
these state variables s about 3 sec.

Figure 2-8 shows that both the presence of aircraft maneuvers and the mode of gain generation
influence the ability to estimate linear velocity. The most significant effect appears in the V

:
uncertainty, which is improved by about 6 ft/sec when the Kalman gains are generated in the

presence of an aircraft maneuver. This occurs to a lesser degree (about 1.5 ft.’sec change) eh
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in the case of Vu. The estimation of VW is less effected by the use of fixed versus Kalman
gains than by the mere presence of the maneuver, which slightly degrades the quality of the
estimate (about 0. 5 ft/sec change).

The principal effect evidant in Figure 2-9 is the superior settling time afforded by the use of
Kalman gains. In comparison, the effect of the maneuver is of the order of 1.5 mrad or less.
Since the aircraft state estimator will normally be allowed to run continuously, settling time

is not an important issue insofar as CLFCS effectiveness is concerned. The accuracy of know-
ledge of the vertical axis direction required for 20 mm gunnery is about 10, and this level of
uncertainty is reached in less than 10 sec with the fixed gain estimator, and in about 2 sec

with Kalman gains. Therefore, if it should be necessary to restart the aircraf: state estimator

in flight, a fully viable output for gunnery purposes will be available in about 10 sec.

2.4.6.2 Analysis of the Target State Estimator

The performance of the target state estimator was assessed for the veer-off attack described
in Table 2-9 and Figure 2-2. The engagement was carried through the crossover event to
assure that the onset of crossover kinematics would not cause estimator instability or other
anomalous behavior. This was done in spite of the fact that the pantographic sight cannot be
comfortably deployed beyond a train angle of about 800.

The principal matter of concern in the analysis of the target state estimator is the comparison
of its performance with Kalman gains updated once per 5 computer frames (operational system)

versus once per frame (performance baseline system).

Figure 2-10 shows the resultant RMS uncertainty in LOS direction and the RMS uncertainty in
range plotted as a function of time. For tne critical stage of the run, which lies between 15

and 30 sec and corresponds to the period of CLFCS deployment, the difference between the two
gain update rates is insignificant. It becomes appreciable, particularly with respect to range
estimation, at crossover, and then subsides after crossover. This indicates that the ci1ossover
kinematics are inducing rapid changes in the Kalman gains, which the reduced update rate has

difficulty in following. Nevertheless, the performance of the target state estimator with gain

updates once per 5 computer frames is judged to be perfectly adequate for application to the
CLFCS.
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2.6 OPEN LOOP FIRl CONTROL COMPUTATION

The objective of the open loop five control computations (as distinguished from closed loop fire
control) is to position the gun in the best way possible sn the basis of the outputs of the aircraft
and target state estimators,  This assures & maximum first burst kill probability and also pro-
vides for the maintenance of a viable gun pointing solution through all phases of the attaes,

including the period of strikepoint observation by the gumer,

The discussion of the open loup fire control computation is divided into three parts:

) Fitting time of flight and gravity drop expressions to the 20 mum M-56 ballistices,
. Developing the gun orders for positioning the weapon,
) Verifieation of aceuracy.

2.5.1 BALLISTICS O% THE M-56 PROJECTILE

Table 2-27 lists the slant range (RS,) and gravity drop (R ) corresponding to times of flight (l‘ )

anging from 0 to 4.5 sec,

2.5. 1.1 Time of Flight Equation

To determine the corvect angular relationship between the gun axis and the target sightline, an
estimate of the projectile time of {light is required.  The principat use in helicopter gunnery s
to determine the magnitude of gravity droy.

Let the following variables be defined:

B = Projentile muzzle veloeity = 3320 ft ‘sec

AR
H

Drag parameter
R = Range-rate (negative of the component of aiveralt veloeity along the sightline)

Y0 = Air density ratio
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TABLE 2-27
BALLISTICS OF THE M-56 PROJECTILE

TR A AR VX

B
s
¥

K
1
s,
¥
<

L

Tp Rg Ry
E sec) (ft) (ft)
- 0 N 0.0 0.0
0.5 1405. 4 .6
A 1.0 2432.3 13.2
i 1.5 ' 3216. 1 27.6
2.0 3838. 0 46.3
! 2.5 4368. 8 69. 8
g - 3.0 4855.9 99.1
A 3.5 5309. 8 134.1
1.0 5735. 8 174.6
%' 4.5 i 6137.4 220.9
: Condilions: Aircraft velocity = 0
Aircraft altitude = 0 (Sea Level)
‘ Gun position = Horizontal
z A form for the time of flight equation which is compatible with the drag characteristics of
supersonic projectiles is:
: ) : Rs
F c, :
(B-R)——z—- B-R RS (40)
For an optimized fit to the M-56 ballistics of Table 2-27, the value of C1 is selected to be
c, = 10.3998x107p % (a1)
The data of Table 2-27 corresponds to P « 'PO =1, The appearance of Pgr "Do in the expression
for C1 reflects the reduction in draeg with increased aireiraft aititude.
5
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It is convenient to define

so that

T. = 8 (43)
(B -R) - BIRS

2.5.1.2 Gravity Drop Equation

A form for the gravity drop equation which is descriptive of the flight of supersonic projectiles

and compatible with the time of flight equation (40) is as follows:

- 2 .
R, = q T.°/2, ;-ql-qz(Pg/Po) Tp (44)

An optimized fit to the M-56 ballistic data of Table 2-27 is achieved by the selection

27.6746 ft/'sec2

9

4y 0. 176772 ft/sec’ (45)

Using equations (40), (41), (44) and (45) in combination, it is determined that the RMS devia-
tion between the ballistic model and the data of Table 2-27 is 1.07 mrad.

2.5.2 DERIVATION OF GUN ORDERS

Let the following additional variables be defined:

g = Gunline direction

s = Cightline direction

AgE = Differential gun orders
= g£-8

N4 = Airspeed vector

w = Wind velocity vector
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= Vertical axis direction
= Bullet position vector

= Rs = Target position vector

It is possible to show that the position of the bullet relative to the launching point, as a function

of time of flight, is

o Bg VT , .2
B = —— 4 WT,, - (q1 2)z
= {+B,T — F Fo=
1'F

Since it is desired that the bullet impact the target. 1st

B = Rs
Also. let
% = qlA"R=qT22
& - &' A F
Then equation (47) becomes
(B - R)TF§ (BAg + V + RE)TF
Rs = —_— | \_7&_’TF -
1 %—Bl I‘F 1 "BI'IF

It can be shown from equation (43) that

(B - RIT,
R = _r

1 r

1+ Bl I‘F
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Solving for the differential gun order by transposing terms in equation (49)

1+ BITF) (_—WTF + Rzg) V +Rs

1§
]
—
[51]
—t
e

Ag

BTF B

B-R -WT_ +R z V + Rs
F - - - (51)
B R B

In the CLFCS, the input data required for estimating wind velocity are not available. The

open loop fire control solution is thereforebased upon the assumption of zero wind velocity.

Accordingly, the solution for the differential gun orders actually implemented is

B-I.i Rz Y+R_s_
b = \3J\®" )" B (52)

As may be seen from equation (51)., the effect of wind velocity normal to the sightline is to

induce a bullet strikepoint error which varies according to the ratio (TF/R). This is the

inverse of the average projectile velocity, which is shown in Table 2-28 for T = 2, 3, and

F
4 sec.

In the case of firing from hover, the angular deflections induced by a 10 ft,'sec wind velocity at
2, 3, and 4 sec times of flight are 5.2, 6.2, and 7.0 mrad, respectively. The closure of the
aircraft on the target occurring over the interval between the initial calibration firing burst

and the second calibrated burst is not likely to reduce the time of flight by more than a second.

TABLE 2-28
AVERAGE PROJECTILE VELOCITY VS 'TIME OF FLIGHT

TF AVERAGE
PROJECTILE VELOCITY
(sec) (ft/sec)
2.0 1919
3.0 1619
4,0 1434
263
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Also. typically, the direction of fire will not rotate relative to the wind direction by more than
a tew degrees. Therefore, the fact is evident that the deflection induced by a steady wind may
be regarded as a substantially constant angular effect. The wind velocity itself will tend to
correlate strongly over periods of 10 to 20 sec. Hence, windage is included among those

strikepoint error contributors which are amenable to compensation via closed loop fire control.

Y
2.6.2.1 Control of Gun Position
A
It is desired that the computer output a set of differential gun orders which are such that when
added to the unfiltered electrical sight outputs the gun will be pusitioned cerrectly. By this
means, if the computer should fail, the gun can be slaved directly to the sight without system
reconfiguration,
Let the following variables be defined:
A - . g . . . .
Suvw - Estimated target line of sight direction cosines
\guv\v = Unfiltered target line of sight direction cosines obtained directly from the
sight
The desired gun direction is then given by
= ~ ) -
Eavw Tuvw A Suvw (53)
and the differential gun orders which should be added to the sight outputs. by
W
* = -
A Suvw Savw Suvw
w
= + - £
Euvw Suvw Suvw (54)
2.5.3 VERIFICATION OF ACCURACY
4
In Section2. 3.3 a veer-off target enpagement is described which has been utilized for demon- .
stration of the performance of the aircraft and turget slate estimators. An episode from this '
same engagement provides the basis for a numerical check of the accuracy of the open loop
fire control solution defined above.
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Specifically, at the t = 24 sec point in the veer-off engagement an open loop firing burst is

assumed to occur. Gun position is established by the open loop fire control algorithm embodied

in equations (52) and (54) on the presumption of ideal velocity and range inputs. The bullet
impact point corresponding to this solution is determined by evaluating equation (46) for incre-
mented values of time of flight until the approximate point is discovered (to within 0.1 ft) at

¥ which the bullet passes through the horizontal plane containing the target. The strikepoint

error is then calculated in terms of both horizontal and angular miss.

The computations described above are executed by a time shared computer program "GQGUN",
a listing of which is contained in Appendix D. The output listing pertinent to the open loop
fire control solution is shown in Table 2-29,

THIS PAGE IS BRsY QUALITY
PRACTICABLY
FRON COPY PURNISHID T0DDC '

TABLE 2-29
VERIFICATION OF OPEN LOOP FIRE CONTROL ACCURACY
‘ SONTLY DRXHLEST 11723774
E SIRST SIS SOMDIT I

OPEN 100D #1007 S ITR0L DAy

TAXYIL STOITLING OIREZTION CosINgS:
Sl= ), AN

S3Y==7, 335301 ©°AN

34==5,31 ) RF=2 Qy)

ST o= 9351, =T

ST ONANOT-A RS9 ,908 FT/SEC
DA COFe= NLINVTT 1 /SES

CST Tw= Y 05337 35

ST 5N DM 110,331 FT
CONAPHTEY A ) AN,
DM==8,32] 3=3

ﬁ W=D, 18 158
DN= 1 319 -2
SOAPTIFED GUNE LIS DIRECE Y COSINES:
: ShE 0,033,502 N
GVE= )L 3un 120 1D
EF

N YA NP

S d==3, 0037117 =2 Q)0 )
SN ELEVE=3,997435=-2 A7)
Gy TATE= 0, 39527 )

SIRUUXEPOLAT IATA

ASTHAL Té= 2,345 SEC

NAx= 1,001 R0

N3Y=-), RUA 9% ST

V3= 2, 305085 =D -7

HORIZ Iss= 4.13501 7T
ANUTILADR Mi585= 3,345 7908-2 ARAD
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The angular miss relative to the target sightline is calculated to be 0.083 mrad. and the linear
miss on the horizontal ground plane is 4.1 ft. This means that in actual operation only a minor
part of the strikepoint error in the open loop firing burst can be ascribed to the open loop fire
control algorithm itself. The major part will be due to errors in the estimated state variable

input, to the algorithm: namely. range and velocity.

Because the CLFCS does not incorporate an active rangefinder. the range estimation error at
the instant of the open loop firing burst may be quite large. Specifically. the error in the
initial crew estimate of range at the commencement of the engagement can be as great as 40%,
The target state cstimator displays some capability to reduce this initial error during the
period of target tracking preparatory to the open loop firing burst (sce Figure 2-10). Never-
theless, a 256% error in range can still exist at that point in the engagement. Figure 2-11
shows the variation in the angular strikepoint error as a function of range error. The error
sensitivity relationship is approximately 10 mrad of strikepoint erroir per 1000 ft of range

error.

Wind is the main contributor to velocity estimation error, and the strikepoint error resulting
therefrom is strongly a function of the orientation of the wind velocity vector relative to the
target sightline. A velocity error of 20 ft ‘'sec normal to the sightline will produce approxi-

mately 6 mrad of angular miss,
Bias errors in the estimates of range and velocily are among the effects which the closed loop
fire control algorithm is designed to counteract. The formulation of this algorithm is now

described in detail.

2.6 CLOSED LOOP FIRE CONTROL COMPUTATIONS

Figure 2-1 portrays the overall organization of the CLFCS software. As shown in this figure,
the closed loop fire control algorithm absorbs target state information and the direction
cosines of the centroid of the open loop firing burst impacts. as observed by the gunner
utilizing the pantographic sight. Its output is a set of gun corrections which counteract the
errors which existed in the open loop fire control solution when the initial burst was fired.

These errors include:

() Gun boresight error ° Velocity bias error

® Range bias error
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A key feature of the closed loop fire control algorithm now to be described in an interpolation

B
s

scheme for developing an accurate estimate of the target sightline at the instant the gunner

makes the bullet strikepoint observation,

i

2.6.1 OVERALL PHILOSOPHY AND EVENT TIMING

o K
Figure 2-12 illustrates the operation of the closed loop fire control algorithm, particularly .
:t with respect to the timing of the engagement events. % FH

N3

ey

r“'?\fﬁ’,‘:.

Ty

After a period of tracking the target (approximately 3 sec). the gunner depresses the trigger
at time Y for a short («~ 1 sec) initial firing burst. Target tracking is cortinued through the

bullet time of flight until time t2.

74

yonsaraen

4

v
I — -

Figure 2- 13 shows that the bullet impact event will occur after a time of flight. Tf. which falls

within the following range: |

A A
95T, . Ty . 150 Tg ]

A
where TF is the estimated time of flight used in the initial aiming solution. Accordingly,

although the estimated time of flight may be i1. 2rror insofar as the target is concerned. it will
generally be a good indication of the actual time of flight tc the strikepoint. The CLFCS com-
puter can therefore predict fairly well when it is appropriate for the gunner to break track with :~

the target and begin acquiring the strikepoint, :

B AR AR T OB A AT M R T £ (AT IHIES 5 DR R ’.e';-,»;g o

At time t2. the computer signals the gunner that the target track may be Lroken, It is impera-

tive that the gunner maintain precise tracking through this event. and then acquire the strike-

T

point as soon as possible thereafter.

When he has acquired the strikepoint, the gunner depresses the ABC (Acquire Burst Centroid)

e"\:'m‘;,m?\\\"»m-ww)‘?;ﬁi RIORERS :2:.

i3

o

LS P AL BT

e

switch at time t3. This signals the computer to capture the sight resolver outputs as a mea-

pe

sure of strikepoint angular position. Precise pointing of the sight with respect to the burst

A ITIAS R B

g

centroid is essential,

As rapidly as possible, the gunner reacquires the target at time t,, When he has a precise it
4 .

point established. he releases the ABC switch., At time t5‘ after a short period of iracking,

f gt porey
R L STty e et

the second burst is fired. which is a calibrated burst.
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Figure 2-12, Ulustration of the Operation of the Modified Closed Loop Fire Control Algorithm
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2.6.2 TARGET STATE ESTIMATED MODES

For time t <t . the target state estimator is in its normal mode of operation with all gains

1
active.

For time tl =t = t5‘ the gains which are associated with the estimatiou of range (the entire

fourth row) are set to zero. This is to prevent competition between the target state estimator
and the closed loop fire control algorithm in compensating for any error which may exist in
the range estimate at time tl’

At time t2 the target state estimator enters a full coast mode with all gains set to zero. By

virtue of precise target tracking during the interval t1 st = t2. the estimated and true ver-

sions of the target sightline are assumed to be equal. However, due to range and velocity
bias errors, the extrapolated sightline diverges from the true for t, < t < t4. as illustrated
in Figure 2-12, The state of the extrapolated target sightline at time t3 is captured by the

computer for use in the closed loop fire control algorithm.

At time t 4 the target state estimator returns to the range only coast mode; that is. ali gains

except those in the fourth row are active.
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2.6.3 CLOSED LOOP FIRE CONTROL ALGORITHM DESCRIPTION

The closed loop fire control algorithm references the observed strikepoint location to the
location of the target. Accordingly, a precise measure of the target location at time t3 is
required. Since the gunner is not tracking the target at this instant, interpoiation of target
sightline information from times t3 and t 4 are required.

Let the following variables be defined:

g t) = Unfiltered sight direction cosines at time t
§(® =  Estimated target sightline at time t
sf{t) = True target sightline at time t

The extrapolated sightline at time t3 g (t3), differs significantly from the true because of range
and velocity bias errors. However, by developing a second estimate, ext apolated backwards
from time t 4 2 reduction of this error is possible. Let the forward extrapolated value be
designated gF (t3) and the backward by éB (t3).

By storing the line%r and angular velocities of the aircraft over the time interval t3 <tzst
and assuming that s (t 4) =s (t 4) by virtue of precise pointing of the sight by the gunner, the
backward extrapolation of the target sightline from t 4 to t3 can be implemented. As illustrated
in Figure 2-12, this extrapolation follows a path parallel to that of the forward extrapolation.

It is evident that the average of —Q-F (t3) and gB (t;) provides an accurate measure of s (ts);
especially if

4’

Let
Sty = ety + S5y

where this averaging will actually be implemented in terms of the elevation and train angles

associated with él“ (ts) and -%B (tg) rather than in terms of the direction cosines. The detailed
steps are given in the sequel.
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The observed sightline to the burst centroid or strikepoint is designed b, and the difference

measures the gun error extsting at thne tl‘ provided the aircraft neither rotates nor trans-
lates excessively during the interval t1 <t - t3. This difference may be applied directly to

the correction of the pun ordors at time t,.).

I the ~o o o mechanization dereribed in the secuel, the computation and application of Sg
i« i od interms of elevation and train angles.
2.6.4 DETAILED ALGORITHM STLPS

The following 17 steps impacet the det s of the closed loop fire control alporithm, including
program logic. The steps are summarized in the TLEFC Subroutine Sequence Chart of
Figure 2-14.

I, Dotect the time ty event. Set the target state estimator gains in the fourth row
(1. e., those affecting the estimate of range) equal to zero.

A
2. Using the estimatad value of time of flight, Tr, compute

t A

where K is to be initially set ton valueof 0,95, but it must ve adjustable during
flight test.

3. The gunner continues precise tracting of the target over the interval t, < t 12.

Having defined the time to event, signaé the gunner to break target trn&k via
the floshing ready-to-five light, Disce.utinue flashing after about 1 sec to avoid
interference with the acquisition of the strikepoint,

4. Also at tg, commence target state estimator forward coast with all gains set to
zero,

5. Detocet the closure of the ABC switeh, defining the tg event, Capture the sight
direction cosines and define them to be the strikepoint vector byyw. [f
\t\:uv\v gt3) is the unfiltered sight output at time tg, then

1\
)

b = 5 t
uvw uvw ( J
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10.

Also at tg. capture the extrapolated target sightline direction cosines. guvw (t3).
These are given a distinct label for future use.

A
SFu(tS) - Su (t3)

A

A
SF\v(t(}) - Sw (t3)

The subscript "F'" designates the forward coasted value of the target sightline, as
distinct from the backward coasted value defined elow,

*
Also at tg. commence storage of VL 2.3 and W1 2 3 as used in the target state
estimator transition process. This storage process continues until the event tg
when the ABC switch is released,

Detect the cevent t4 (release of ABC switch), which signals the fact that the gunner
has re-established a precise target point. Capture the unfiltered sight direction

LW : .
cosines s (14). Stop the target state estimator forward coast and return it {o

its normal mode of operation except for the estimation of range. That is,

reactivate all gains except for those in the fourth row; these should be maintained
at zero,

Also at t4. commence a backward coast of the target state transition process using
the algorithm listed in Table 2-30. Initialize this process with the unfiltered sight

, A
direclion cosines, guvw (t4). and the estimated range, R (t4). resulting from the
forward coast of the target state over tg = t = t4.

Using the nomenclature of
Table 2-31. set

. _ W

St = S, (14) .

~ . W

§2 = S, (t4) .
W

S3 = Sy (t4).
A

R = R (t,).

With k'z and kg designating the computer frames corresponding to times tg and ty,

and V1 2.3() and wq g ,(K). the stoved linear and angular velocity data. the back-
ward coast algorithm of 'I able 2-31 is {o be execuled for K =ky - 1. kg ~ 2,
kg - 3. . . . kg: that is, for kg - kg recursions.

At the completion of the backward coast process. capture the extrapolated target
sightline direction cosines.

“Q = 51 K
sm,(tS) = 52
Spolty 7 S
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TABLE 2-30
BACKWARD INTEGRATION ALGORITHM
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25 CONTINUE

DRS = 0

DS1S = 0

DS2s = ¢

DS3S = 0 <

DO 251 = 1, 2

RDOT = (V1 xS1 +V2 %xS2 + V3 * S3)

DR = - DT *» RDOT

R = R + DR - DRS

DS1 = DT * ((V1 + RDOT * 81)/R + (W2 * S3 - W3 * S2))
DS2 = DT * ((V2 + RDOT * S2'/R + (W3 x S1 - W1 * §3))
DS3 = DT * ((V3 + RDOT * S3)/R + (W1 * S2 - W2 x S1))
S1 = S1 + DS1 - DS1S

S2 = S2 + DS2 - DS28

S3 = = S3 + DS3 - DS3S

DRS = DR

DS1S = DS1

DS2S = Ds2

DS3S = DSs3

Q = 1.0/SQRT (S1 %% 2 + S2 %x 2 + S3 *x 2)

S1 = Q x S1

S2 = Q * S2

S3 = Q * S3

11.

Compute the elevation and train angles for both spyyw(t3) and sgyyw(t3). The

algorithms required for this step are

1

E Tan~

i

(sw/ s “+38. %)

-1

T = Tan = (-s_/s )
v Tu

I'sing these algorithms, values for EF’ T P EB, and TB are obtained.
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12. Compute the average elevation and train angle according to

= 1 4 « M
E = T(EF + B

- _L\ ’
S T = 2(’IF+I‘

B) ) s B)

13. Compute the elevation and train of the strikepoint

Tanl 0. Vb 2«12

E
b w u Y

Ty

-1
Tan (--bv bu)

14. Compute the gun correcticns in elevation and train

)

SEg Kl (Es - B

b

STg = K2 ('I‘S - Tb)

The adjustable coefficients K1 and K2 are to be initially set to 1.0.

NOTE: The computational steps following are to be executed continuously.

15. Continuously compute the elevation and train of the gun position commanded by the
open loop fire control algorithm.

Tan_1 (g o 2 &gvz

E
g Sw “u

T,
g

-1 i
Tan ~ (-g, g )

16. Add the closed loop fire control corrections.

EX = E_ + OE
g g g
T* = T + 8T
g g g

For operation prior to the point in time when 8§ Ey, and 8§ Ty have been developed
from the strikepoint observation these quantities should be set to zero.

17. Compute the direction cosines of the calibrated gunline.

* = * *
83 cos Eg cos Tg
o* = - cos E¥sin T*

v £ g
g* = sin E*

W g

These are continuously transmitted to the gun servos.
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2.6.5 DEMONSTRATION OF PERFORMANCE
!
H
The numerical check problem to demonstrate the closed loop algorithm is included in '
Section 6.1, Software Test Summary and Results.
}
* i
i
1
S !
& ;
1 ]
.'
b

ag oy ottoniages

PRPIRNCERSS 2

8
-3
7
bt}

-

e - - v
" - LB T _
o T i sy 2 SRS S s vt abAGRRS e v e -




- T . e e e gt o
T IR Fo e R R R AR RS S

Section 3
CIL.OSED LOOP FIRE CONTROL SOFTWARE

3.1 QVERVIEW

The closed loop fire control system formulation has been progra.nmed for the CDC 469 mini
computer in assembly level language. All assemblies have been accomplished at Frankford
Arsenal and the latest assembly on October 8, 1976 is permanently saved on magnetic tape at
Frankford Arsenal. File names and control card information pertinent to the October 8, 1976
Assembly are recorded on the DAY File at the end of the listing. The assembled program is
stored on two reels of blue mylar tape dated October 8, 1976 and is loaded into the CDC 469

8K memory by Frankiord Arsenal's software controlled memory loader.

3.2 ORGANIZATION

The realtime software in the CDC 469 Computer consists of the following sections:

1. Page zero variables/constants
2. Executive/aircraft estimator
3. Line of sight estimator subroutine
4, Line of sight gain subroutine
5. Open loop fire control subroutine
6. Closed loop fire control subroutine
7. Interrupt service subroutine
8. Air data subroutire
9. Flight Recorder subroutine

‘ 1 10, CDC debug routine

11. Arithmetic subroutines (square root, sin, cos, arc tan. long shift, initial 0,
initial 1, matrix multiply).
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12. Loader routines

13. Variable array section

The locations in CDC 469 memory for each section is shown in Table 3-1.

TABLE 3-1
MEMORY MAF

SECTION DESCRIPTION

IDENTIFYING NAME

MEMORY LOCATIONS (OCTAL)

Page Zero

Executive Aircraft
Estimator

Line of Sight Estimator
Line of Sight Gain
Computation

Open Loop Fire Control

Computation

Closed Loop Fire Control
Computation

Interrupt Service Subroutine
Air Data Computations
Flight Recorder Subroutine
CDC Debug Routine

Arithmetic Subroutines

Variable Arrays

PAGE 0

EXEC START
A. C ESTIMATOR

LOSEST

LGOS GAIN

(TOG1. TOG2, TOG3.
TOG4., TOGS)

OLFC

CLFC

INTR

AIR DATA
FLT REC
DEBUG

INITO
INIT1
LSQRT
LSHFT
MATM
SIN COS
ATAN

000000 to 000377

010407 to 011467

0007567 to 010264

000400 to 007017

011664 to 012131

012132 to 013051

007442 to 007512
011470 to 011663
013052 to 013331
017060 to 017777

010265 to 010327
007020 to 007116
007400 to 007441
007513 to 007520
007521 to 007566
013372 to 013413
013332 to 013371

013734 to 017056
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& 3.3 PAGE ZERO VARIABLES AND CONSTANTS

. Most common variables, constants and scaling factors are stored in this section. The mode
x control variables are also located in this area. All page zero data is directly accessible by
' ; any program instruction throughout memory. The page zero data of interest with scaling
; % ' included, is listed in Table 3-6 as part of the Flight Recorder Subroutine.

i 3.4 EXECUTIVE AND AIRCRAFT ESTIMATOR

The executive is the routine which controls all logic and timing functions. all subroutine calls
and input ‘output operations. The executive flow chart is shown in Figure 3-2. Closed Loop
3 Fire Control System modes are input by the executive in a packed format (Figure 3-1) and
unpacked into flag words. The flag words are then used to activate or deactivate the various

computational subroutines which supports the particular mode.

The Aircraft Estimator is an integral part of the executive and is always active at power on to

. the Closed Loop or Open Loop switch positions of the Pilot's Control Panel. All timing is r
;’; ) based on a real time clock (30 Hz) which the executive synchronizes to at power 